(19) 



J 



Europaisches Patentamt 
European Patent Office 
Office europeen des brevets 



(12) 



(11) EP 0 665 981 B1 

EUROPEAN PATENT SPECIFICATION 



(45) Date of publication and mention 
of tine grant of the patent: 
20.03.2002 Bulletin 2002/12 

(21) Application nunnber: 94901174.6 

(22) Date of filing: 21 .10.1993 



(51) lntci7: H01L 21/316, H01L 21/3205, 
C30B7/00, C23C 18/12 

(86) International application nunnber: 
PCT/US93/10021 

(87) International publication nunnber: 

WO 94/10702 (11.05.1994 Gazette 1994/11) 



(54) PROCESS FOR FABRICATING LAYERED SUPERLATTICE MATERIALS AND ELECTRONIC 
DEVICES INCLUDING SAME 

HERSTELLUNGSVERFAHREN VON GESCHICHTETEN UEBERGITTERMATERIALIEN UND VON 
DIESEN ENTHALTENDEN ELEKTRONISCHEN VORRICHTUNGEN 

PROCEDE DE FABRICATION DE MATERIAUX STRATIFIES A SUPERSTRUCTURE ET DE 
DISPOSITIFS ELECTRONIQUES CONTENANT CES DERNIERS 



(84) Designated Contracting States: 
DE FR GB IT NL 

(30) Priority: 23.10.1992 US 965190 

24.11.1992 US 981133 

21.05.1993 US 65656 
21.05.1993 US 65666 

(43) Date of publication of application: 
09.08.1995 Bulletin 1995/32 

(73) Proprietors: 

• SYMETRIX CORPORATION 
Colorado Springs, CO 80918 (US) 

• Olympus Optical Co., Ltd. 
Tokyo 151-0072 (JP) 

(72) Inventors: 

• YOSHIMORI, Hiroyuki 

Tsukui-gun, Kanagawa Pref. 199-02 (JP) 

• WATANABE, Hitoshi 
Hachio|i-shi, Tokyo 193 (JP) 

• PAZ DE ARAUJO, Carlos, A. 
Colorado Springs, CO 80909 (JP) 

• McMillan, Larry, D. 
Colorado Spings, CO 80909 (US) 



m 

00 

o> 

LO 
CO 
CO 

o 

LIJ 



• CUCHIARO, Joseph, D. 
Colorado Springs, CO 80918 (US) 

• SCOTT, Michael, C. 

Colorado Springs, CO 80918 (US) 

(74) Representative: Goodanew, Martin Eric et al 
MATHISEN, MACARA & CO. 
The Coach House 
6-8 Swakeleys Road 
Ickenham Uxbridge UB10 8BZ (GB) 



(56) References cited: 
EP-A-0 489 519 



US-A-5 146 299 



PATENT ABSTRACTS OF JAPAN vol. 014, no. 
546 (E-1 008)4 December 1 990 & JP,A,02 232 974 
(SEIKO EPSON CORP.) 14 September 1990 
JOURNAL OF APPLIED PHYSICS vol. 72, no. 11 
, 1 December 1992 , NEW YORK US pages 5517 
- 5519 P.C.JOSHI ET AL 'RAPID THERMALLY 
PROCESSED FERROELECTRIC BI4TI301 2 THIN 
FILMS' 

APPLIED PHYSICS LETTERS vol. 59, no. 19, 
1991, pages 2389-2390 



Note: Within nine months from the publication of the mention of the grant of the European patent, any person may give 
notice to the European Patent Office of opposition to the European patent granted. Notice of opposition shall be filed in 
a written reasoned statement. It shall not be deemed to have been filed until the opposition fee has been paid. (Art. 
99(1) European Patent Convention). 



Printed by Jouve, 75001 PARIS (FR) 



EP 0 665 981 B1 



Description 

BACKGROUND OF THE INVENTION 

5 1. Field of the Invention 

[0001] The invention in general relates to the fabrication of layered superlattice materials, and more particularly to 
fabrication processes that provide low fatigue ferroelectric and reliable high dielectric constant integrated circuit devices 
that are unusually resistant to degradation. 

10 

2. Statement of the Problem 

[0002] United States Patent No. 5 51 9 234 filed October 23, 1992 discloses that the layered superlattice materials 
discovered by G.A. Smolenskii, V.A. Isupov, and A.I. Agranovskaya (See Chapter 15 of the book, Ferro electrics and 

15 Related Materials, ISSN 0275-9608, [V.3 of the series Ferroelectrics and Related Phenonnena, 1984] edited by G. A. 
Smolenskii, especially sections 15.3 -15) are far better suited for ferroelectric and high dielectric constant integrated 
circuit applications than any prior materials used for these applications. These layered superlattice materials comprise 
complex oxides of metals, such as strontium, calcium, barium, bismuth, cadmium, lead, titanium, tantalum, hafnium, 
tungsten, niobium zirconium, bismuth, scandium, yttrium, lanthanum, antimony, chromium, and thallium that sponta- 

20 neously form layered superlattices, i.e. crystalline lattices that include alternating layers of distinctly different sublattices, 
such as a ferroelectric and non-ferroelectric sublattices. Generally, each layered superlattice material will include two 
or more of the above metals; for example, strontium, bismuth and tantalum form the layered superlattice material 
strontium bismuth tantalate SrBigTagOg. United States patent No. 5 423 285 describes a method of fabricating layered 
superlattice thin films that results in electronic properties for these materials several times better than the best previously 

25 known. This disclosure more fully develops certain aspects of the previous application, and discloses improvements 
in the fabrication process that together approximately double the values of the critical ferroelectric parameters, such 
as the polarizability over the values obtained with the basic process described in the 5 423 285 patent. 
[0003] In addition to having good values of the ferroelectric parameters, it is also important that the physical quality 
of the ferroelectric films be suitable for use in manufacturing processes. For example, the film should have a relatively 

30 uniform grain size, which results in better crystalline quality, i.e films free of cracks and other defects. The film grain 
size should also be small compared to the thickness of the film; otherwise the roughness of the film can be comparable 
to the thickness and other dimensions of the device components, which makes it difficult or impossible to fabricate 
devices within tolerances and results in short circuits and other electrical breakdowns. Further, it is important that the 
fabrication processes be ones that can be performed relatively rapidly, since long processes are more expensive in 

35 terms of the use of facilities and personnel. 

[0004] Rapid thermal processing and furnace annealing in an atmosphere of oxygen are several of many processes 
that are well-known in the thin-film fabrication technology. See for example, "Process Optimization and Characterization 
of Device Worthy Sol-Gel Based PZTfor Ferroelectric Memories", B.M. Melnick, J.D. Cuchiaro, L.D. McMillan, C.A. 
Paz DeAraujo, and J.F. Scott in Ferroelectrics, Vol 109, pp. 1-23 (1990). It is also known to add excess lead in fabricating 

40 PZT using a spin-on and annealing process to account for lead lost as lead oxide vapor in the fabrication process. See 
United States Patent No. 5,028,455 issued to William D. Miller et al. It is also known to add excess BigOg when fabri- 
cating a bismuth titanate thin film using sputtering to compensate for the loss of this component in the sputtering 
process. See "A New Ferroelectric Memory Device, Metal-Ferroelectric-Semiconductor Transistor", by Shu-Yau Wu, 
IEEE Transactions On Electron Devices, August 1974, pp. 499 - 504. E. C. Subbarao, in "A Family of Ferroelectric 

45 Bismuth Compounds", J. Phys. Chem, Solids, V. 23, pp. 665-676 (1 962), discloses the creation of solid solutions of 
some layered superlattice materials and that several of their physical parameters, i.e., the dielectric constant and Curie 
temperature change as the proportions of the various elements comprising the solid solution change. However, these 
are only some of the hundreds of processes and parameters that potentially can affect the quality of a layered super- 
lattice material, and prior to the work of the present inventors, how to use these and other fabrication parameters to 

50 arrive at ferroelectric properties such as extremely low fatigue rates and polarizabilities as high as 25 in layered su- 
perlattice materials was unknown, despite the fact that those skilled in the art had been searching for materials with 
such properties for more than thirty years. 

3. Solution to the problem: 

55 

[0005] The present invention solves the above problem by providing a method of fabricating a layered superlattice 
material comprising the steps of providing a substrate and a precursor containing a metal, and applying said precursor 
to said substrate, said method characterized by rapid themnal processing said precursor on said substrate at a tem- 
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perature of between 500°C and 850°C to fornn a layered superlattice material containing said nnetal on said substrate. 
[0006] The rapid thermal processing step (RTP bake) may be followed by furnace annealing at a temperature of 
between 700°C and 850°C. Both the RTP bake and furnace anneal are best formed in an oxygen-enriched atmosphere. 
[0007] When the layered superlattice material comprises a thin ferroelectric film which forms the material between 

5 tine two electrodes of a capacitor, the best results are obtained if a first furnace anneal is performed after the layered 
superlattice material is formed and a second furnace anneal is performed after the second electrode is deposited. The 
second anneal may take place before or after the capacitor is patterned, or alternatively, a second anneal may be 
performed prior to patterning and a third anneal performed after patterning. The second and third anneal processes 
are performed at a temperature lower than the first anneal temperature. 

10 [0008] If the material is one having the formula SvB\^_2^_^_^{{Ta^,Nb^.^)^{T\^Zv^.^)2. 2x}2'^i5-6x' where 0 < x < 1 .0, 0 < y 
< 1 .0, 0 < z < 1 .0, and X - 2 < a < 1 .6(2-x), preferably, 0.7 < x < 1 .0, 0.8 < y < 1 .0, 0.6 < z < 1 .0, and 0 < a < 0.8(2-x), 
RTP baking is necessary to obtain ferroelectrics with high polarizability. RTP baking is not always necessary when 
using a precursor of high bismuth content, i.e. a material having the following composition: SrBi4.2x+a{(Tay,Nbi.y)x,(TI^, 
Zri-z)2-2x}20i5-6x' where 0 < x< 1.0, 0 < y < 1 .0, 0 < z < 1 .0, and 0 < a < 1 .6(2-x), preferably 0.7 < x < 1 .0, 0.8 <y< 1.0, 

15 0.6 < z < 1 .0, and 0 < a < 1 .2(2-x). 

[0009] Prebaking the substrate to a temperature above the temperature of the rapid thermal processing step prior 
to the step of applying the precursor to the substrate is also preferable in obtaining high performance ferroelectrics. 
[0010] If one of the metals is bismuth, the polarizability of the ferroelectric is greatly enhanced if about 1 25% of the 
normal stoichiometric amount of bismuth is added. 

20 [0011] The invention also provides a process which creates a bismuth gradient in the uncu red film, with more bismuth 
being present in the layer most distal from the substrate, which layer is exposed during the heating process which 
creates the crystalline phase of the film. The process results in a layered superlattice material having an average grain 
size of from 20 to 200nm. As compared to the prior art, the process reduces the grain size of the material while reducing 
the distribution of grain sizes, thus improving the crystallinity of the film. At the same time the process shortens the 

25 fabrication time, since the material reaches high values of 2Pr with shorter furnace anneal time. 

[0012] The methods described above result in layered superlattice materials with excellent electronic properties. For 
example, ferroelectric layered superlattice materials with polarizabilities, 2Pr, higher than 25 microcoulombs per square 
centimeter have been fabricated. Numerous other features, objects and advantages of the invention will become ap- 
parent from the following description when read in conjunction with the accompanying drawings. 

30 

BRIEF DESCRIPTION OF THE DRAWINGS 



[0013] 

35 Fig. 1 is a flow chart showing the preferred embodiment of a process for preparing a thin film of a layered superlattice 

material according to the invention; 

Fig. 2 is a top view of a wafer on which thin film capacitors fabricated by the process according to the invention 
are shown greatly enlarged; 

Fig. 3 is a portion of a cross-section of Fig. 2 taken through the lines 3 - 3, illustrating a thin film capacitor device 
40 fabricated by the process according to the invention; 

Fig. 4 is a cross-sectional illustration of a portion of an integrated circuit fabricated utilizing the process of the 
invention; 

Fig. 5 shows hysteresis curves at ±2, ±4, ±6 and ±8 volts for a sample of SrBi2Ta209 having 1 0% excess bismuth 
and fabricated according to the invention; 
45 Fig. 6 is a graph of 2Pr versus number of cycles for the sample of Fig. 5 illustrating the excellent resistance to 

fatigue of the material according to the invention; 

Fig. 7 shows the hysteresis curves for a sample of strontium bismuth tantalate utilizing a stoichiometric precursor 
solution and a sequence of different RTP baking temperatures; 

Fig. 8 shows the hysteresis curves for a sample of strontium bismuth tantalate utilizing a 10% excess bismuth 
50 precursor solution and a sequence of different RTP baking temperatures; 

Fig. 9 shows graphs of 2Pr versus RTP bake temperature for the respective sets of hysteresis curves of Figs. 7 
and 8; 

Fig. 1 0 shows the hysteresis curves at 2, 4, and 6 volts for samples of strontium bismuth tantalate fabricated 
utilizing precursor solutions having different bismuth content; 
55 Fig. 1 1 shows graphs of 2Pr and 2Ec for the 6 volt hysteresis curves of Fig. 10; 

Fig. 12 shows graphs of 2Pr versus number of cycles for the samples of Fig. 10; 

Fig. 13 shows graphs of 2Pr and 2Ec versus first anneal temperature for samples of strontium bismuth tantalate; 
Fig. 14 shows graphs of 2Pr and 2Ec versus first anneal time for samples of strontium bismuth tantalate prepared 
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with a first anneal tennperature of 800° C; 

Fig. 15 shows graphs of 2Pr versus second anneal tinne for sannples of strontiunn bismuth tantalate prepared with 
10% excess bismuth and different second anneal temperatures; 

Fig. 1 6 shows graphs of 2Pr versus second anneal time for samples of strontium bismuth tantalate prepared with 
5 10% excess bismuth and under atmospheres of oxygen and nitrogen; 

Fig. 17 shows hysteresis curves at 2, 4, and 6 volts for samples comprising different solid solutions of strontium 
bismuth tantalate and strontium bismuth niobate; 

Fig. 1 8 shows graphs of 2Pr and 2Ec for samples comprising different solid solutions of strontium bismuth tantalate 
and strontium bismuth niobate; 
10 Fig. 1 9 shows graphs of 2Pr versus number of cycles for samples comprising different solid solutions of strontium 

bismuth tantalate and strontium bismuth niobate; 

Fig. 20 shows hysteresis curves at 2, 4, and 6 volts for a sample of 50/50 strontium bismuth tantalate and strontium 
bismuth niobate fabricated with a stoichiometric precursor solution; 

Fig. 21 shows hysteresis curves at 2, 4, and 6 volts for a sample of 50/50 strontium bismuth tantalate and strontium 
15 bismuth niobate fabricated with a precursor solution with a bismuth content 1 0% in excess of stoichlometry; 

Fig. 22 shows hysteresis curves at 2, 4, 6, and 8 volts for samples comprising different solid solutions of strontium 
bismuth titanate and strontium bismuth tantalate; 

Fig. 23 shows hysteresis curves at 2, 4, and 6 volts for samples comprising different solid solutions of strontium 
bismuth titanate and strontium bismuth niobate; 
20 Fig. 24 shows hysteresis curves at 2, 4, and 6 volts for samples with different solid solutions of strontium bismuth 

titanate, strontium bismuth tantalate, and strontium bismuth niobate; 

Fig. 25 shows a triangular diagram showing 2Prfor a variety of different solid solutions of strontium bismuth titanate, 
strontium bismuth tantalate, and strontium bismuth niobate; 

Fig. 26 shows graphs of 2Prversus percentage of titanium for solid solutions of strontium bismuth titanate, strontium 
25 bismuth tantalate, and strontium bismuth niobate for differing relative amounts of tantalum and niobium; 

Fig. 27 is a table listing 2Pr and 2Ec for various solid solutions of strontium bismuth titanate, strontium bismuth 
tantalate, and strontium bismuth niobate; 

Fig. 28 shows graphs of 2Pr versus number of cycles for some of the samples of Figs. 22 through 24; 
Fig. 29 shows a computerized system for designing electronic devices utilizing layered superlattice materials; 
30 Fig. 30 shows hysteresis curves at 2, 4, and 6 volts for samples with different solid solutions of strontium bismuth 

titanate and strontium bismuth zirconate; 

Fig. 31 shows graphs of 2Pr and 2Ec versus zirconium percentage for the samples of Fig. 30; 
Fig. 32 shows graphs of 2Pr versus number of cycles for two different samples of solid solutions of strontium 
bismuth titanate and strontium bismuth zirconate having different percentages of zirconium; 
35 Fig. 33 shows a portion of a wafer as In Fig. 3 In which the layered superlattice material has a gradient in the 

proportion of an element that vaporizes easily; 

Fig. 34 compares a graph of 2Pr versus anneal time in minutes for samples of strontium bismuth tantalate fabricated 
from precursors having 20% excess bismuth with a similar graph for samples fabricated from a stoichiometric 
precursor; 

40 Fig. 35 shows graphs of bismuth content versus anneal time for strontium bismuth tantalate samples having 7% 

excess bismuth in the precursor, samples having a bismuth gradient, and samples having a stoichiometric precur- 
sor; and 

Fig. 36 shows a of 2PR versus anneal time for strontium bismuth tantalate samples having 7% excess bismuth in 
the precursor, samples having a bismuth gradient, and samples having a stoichiometric precursor. 

45 

DESCRIPTION OF THE PREFERRED EMBODIMENT 

[0014] Directing attention to Figs. 2 and 3, a wafer 1 0 containing numerous capacitors 12, 14, 16 etc. Is shown. Fig. 
2 is a top view of the wafer 1 0 on which the thin film capacitors 12, 14, 16 etc. fabricated by the process according to 

50 the invention are shown greatly enlarged. Fig. 3 is a portion of a cross-section of Fig. 2 taken through the lines 3 - 3 
bisecting capacitor 1 6. Referring to Fig. 3, the wafer 1 0 includes a silicon substrate 22, a silicon dioxide insulating layer 
24, a thin layer of titanium 26 which assists the next layer, which is a platinum electrode 28, in adhering to the silicon 
dioxide 24, a layer of layered superlattice material 30, and another platinum electrode 32. After the layers 24, 26, 28, 
30, and 32, are deposited, the wafer is etched down to layer 28 to form the individual capacitors 12, 14, 16, etc. which 

55 are Interconnected by the bottom electrode 28. The Invention primarily involves the method of creating the layer 30 of 
layered superlattice material. As mentioned above, these layered superlattice materials comprise complex oxides of 
metals, such as strontium, calcium, barium, bismuth, cadmium, lead, titanium, tantalum, hafnium, tungsten, niobium 
zirconium, bismuth, scandium, yttrium, lanthanum, antimony, chromium, and thallium that spontaneously form layered 
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superlattices, i.e. crystalline lattices tliat include alternating layers of distinctly different sublattices. Generally each 
layered superlattice material will include two or more of the above metals; for example, barium, bismuth and niobium 
form the layered superlattice material barium bismuth niobate, BaBi2Nb209. The material 30 may be a dielectric, a 
ferroelectric, or both. If it is a dielectric, the capacitor 1 6 is a dielectric capacitor, and if the material 30 is a ferroelectric, 
5 then capacitor 16 is a ferroelectric capacitor. The layered superlattice materials may be summarized more generally 
under the formula: 



10 



25 



(1) ^^^^^ Nl^^ ... Aj^^jS1^^^S2■'^^..Sk■'^''B1■^^^B2^''^..Br^'Q■^ 
w1 w2 wj x1 x2 xk y1 y2 yl z 



where A1 , A2...Aj represent A-site elements in the perovskite-like structure, which may be elements such as strontium, 
calcium, barium, bismuth, lead, and others S1, S2...Sk represent super-lattice generator elements, which usually is 
bismuth, but can also be materials such as yttrium, scandium, lanthanum, antimony, chromium, thallium, and other 
elements with a valence of +3, B1 , B2...BI represent B-site elements in the perovskite-like structure, which may be 
elements such as titanium, tantalum, hafnium, tungsten, niobium, zirconium, and other elements, and Q represents 
an anion, which generally is oxygen but may also be other elements, such as fluorine, chlorine and hybrids of these 
elements, such as the oxyfluorides, the oxychlorides, etc. The superscripts in fomnula (1) indicate the valences of the 
respective elements, and the subscripts indicate the number of moles of the material in a mole of the compound, or in 
terms of the unit cell, the number of atoms of the element, on the average, in the unit cell. The subscripts can be integer 
20 or fractional. That is, formula (1) includes the cases where the unit cell may vary throughout the material, e.g. in 
Sr ygBa 25Bi2Ta209, on the average, 75% of the time Sr is the A-site atom and 25% of the time Ba is the A-site atom. 
If there is only one A-site element in the compound then it is represented by the "A1" element and w2...wj all equal 
zero. If there is only one B-site element in the compound, then it is represented by the "B1" element, and y2...yl all 
equal zero, and similarly for the superlattice generator elements. The usual case is that there is one A-site element, 
one superlattice generator element, and one or two B-site elements, although formula (1) is written in the more general 
form since the invention is intended to include the cases where either of the sites and the superlattice generator can 
have multiple elements. The value of z is found from the equation: 



(2) (a1w1 + a2W2...+ajwj) + (s1x1 + s2x2...+skxk) + (b1y1 -i-b2y2...+ bjyj) = 2z. 

Formula (1) includes all three of the Smolenskii type compounds. The layered superlattice materials do not include 
every material that can be fit into the formula (1), but only those which spontaneously form themselves into crystalline 
structures with distinct alternating layers. It should be noted that the x, y, and z symbols in the fomriula (1) should not 

be confused with the x, y, and z, symbols used in the formulas (I) and (T) below. The formula (1) is a general formula 
for layered superlattice materials, while the formulae (I) and (1') are formulae for solid solutions of particular layered 
superlattice materials. 

[0015] It should also be understood that the term layered superlattice material herein also includes doped layered 
superlattice materials. That is, any of the material included in formula (1) may be doped with a variety of materials, 
such as silicon, germanium, uranium, zirconium, tin or hafnium. For example, strontium bismuth tantalate may be 
doped with a variety of elements as given by the formula: 

(2) (Sr^.^ M1 JBi2(Nbi.yM2y)09 + a M30, 

where M1 may be Ca, Ba, Mg, or Pb, M2 may be Ta, Bi, or Sb, with x and y being a number between 0 and 1 and 
preferably 0 < x < 0.2, 0 < y < 0.2, M3 may be Si, Ge, U, Zr, Sn, or Hf, and preferably 0 < a < 0.05. Materials included 
in this formula are also included in the term layered superlattice materials used herein. 

[0016] Similarly, a relatively minor second component may be added to a layered superlattice material and the re- 
sulting material will still be within the invention. For example, a small amount of an oxygen octahedral material of the 
formula ABO3 may be added to strontium bismuth tantalate as indicated by the formula: 

(3) (1 -x) SrBi2Ta209 + xABOg , 

where A may be Bi, Sr, Ca, Mg, Pb, Y, Ba, Sn, and Ln; B may be Ti, Zr, Hf, Mn, Ni, Fe, and Co; and x is a number 
between 0 and 1 , preferably, 0 < x < 0.2. 

[0017] Likewise the layered superlattice material may be modified by both a minor ABO3 component and a dopant. 
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For example, a material according to the formula: 

(3) (1 -x) SrBigTagOg + XABO3, + a MeO 

5 

where A may be Bi, Sb, Y and Ln; B may be Nb, Ta, and Bi; Me may be Si, Ge, U, Ti, Sn, and Zr; and x is a number 
between 0 and 1 , preferably, 0 < x < 0.2, is contemplated by the invention. 

[0018] Fig. 4 shows an example of the integration of a layered superlattice capacitor 72 into a DRAM memory cell 
to form an integrated circuit 70 such as may be fabricated using the invention. The memory cell 50 includes a silicon 

10 substrate 51 , field oxide areas 54, and two electrically interconnected electrical devices, a transistor 71 and a ferroe- 
lectric switching capacitor 72. Transistor 71 includes a gate 73, a source 74, and a drain 75. Capacitor 72 includes first 
electrode 58, ferroelectric layered superlattice material 60, and second electrode 77. Insulators, such as 56, separate 
the devices 71 , 72, except where drain 75 of transistor 71 is connected to first electrode 58 of capacitor 72. Electrical 
contacts, such as 47 and 78 make electrical connection to the devices 71 , 72 to other parts of the integrated circuit 

^5 70. A detailed example of the complete fabrication process for an integrated circuit memory cell as shown in Fig. 4 is 
given in United States Patent No. 5 466 629 which is incorporated herein by reference. It should be understood that 
Figs. 2, 3, 4 depicting the capacitors 12, 14, 16 etc. and integrated circuit 70 are not meant to be actual cross-sectional 
views of any particular portion of an actual electronic device, but are merely Idealized representations which are em- 
ployed to more clearly and fully depict the structure and process of the invention than would otherwise be possible. 

20 [0019] This disclosure describes the fabrication and testing of numerous capacitors 12, 14, 16 having layers 22, 24, 
26, 28, 30, and 32 made of the materials above, disclosing a wide spectrum of variations of the fabrication process 
according to the invention and a variety of different layered superlattice materials 30. It then discloses how this data 
is used to design and manufacture electronic devices utilizing layered superlattice materials. It should be understood, 
however, that the specific processes and electronic devices described are exemplary; that is the invention contemplates 

25 that the layers in Figs. 3 and 4 may be made of many other materials than those mentioned above and described 
below, there are many other variations of the process of the invention than can be included in a document such at this, 
and the method and materials may be used in many other electronic devices other than the capacitors, such as 12, 
14, 1 6 etc. and the integrated circuit 70. It should also be noted that the word "substrate" is used in both a specific and 
a general sense in this disclosure. In the specific sense it refers to the specific silicon layer 22, conventionally called 

30 a silicon substrate, on which the exemplary electronic devices described are fabricated. In a general sense, it refers 
to any material, object, or layer on which another layer or layers are formed. In this sense, for example, the layers 22, 
24, 26, and 28 comprise a substrate 1 8 for the layer 30 of layered superlattice material 30. 

[0020] A term that is used frequently in this disclosure is "stoichiometry" or "stoichiometric". As used herein, the term 
stoichiometric generally expresses a relationship between the precursor solution and the final layered superlattice film 
35 30. A "stoichiometric precursor" is one in which the relative proportions of the various metals in the precursor is the 
same as the proportion in a homogeneous specimen of the intended final layered superlattice thin film 30. This pro- 
portion is the one specified by the formula for the final thin film 30. 

[0021] Turning now to a more detailed description of the invention, a flow chart of the preferred embodiment of a 
process according to the invention for preparing a thin film of a layered superlattice material, such as 30 and 60, and 

40 a device, such as 10 and 70 incorporating the material 30 and 60, is shown in Fig. 1 . We shall first review each step 
of the preferred process briefly, and then discuss the individual steps in more detail and provide examples of the 
process. The first step 80 of the process is the preparation of the precursor or precursors, PI, P2, P3, etc. In the 
preferred embodiment the precursors are liquids in which a compound or compounds of the metals to comprise the 
layered superlattice material 30 are dissolved. The precursors are then mixed in step 81 , and the mixed precursors 

45 are distilled in step 82. Then follows a solvent control and/or concentration control step 83. Generally this step is taken 
over two stages which may be separated considerably in time. In the first stage the mixed precursor is dissolved in a 
suitable solvent and concentrated so as to provide a long shelve life. Just before use, the solvent and concentration 
may be adjusted to optimize the electronic device that results from the process. 

[0022] In parallel with the solvent and concentration control step 83, the substrate 1 8 is prepared. If the substrate is 
50 a metallized substrate, such as the substrate 1 8, then the substrate is provided in step 85A by forming the layers 22, 
24, 26, and 28 and is then prebaked in step 86A. If the substrate is a non-metallized substrate, such as a silicon or 
gallium arsenide single crystal, the substrate is provided in step 85B and dehydrated in step 86B. In step 87 the substrate 
is coated with the precursor. In the examples discussed below, the coating was done by a spin-on process, though a 
process such as a misted deposition process as described in United States patent No. 5 456 945, which is hereby 
55 incorporated by reference, or dipping or other suitable coating process may be used. The coated substrate is then 
dried in step 88, and the baked in an RTP (rapid thermal processor) unit. If the desired thickness of the layer 30 is not 
obtained, then the series of coat, dry, and RTP bake steps 87, 88, and 89 are repeated as many times as required to 
build up the desired thickness. The wafer 10 is then annealed in step 92, the top or second electrode 32 Is deposited 
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in step 93 by sputtering or other suitable process, and tlie wafer 10 is then annealed again in step 94. The capacitor 
16 is then structured by ion milling, chennical etching, or other suitable process in step 95. Then follows a third anneal 
in step 96. This connpletes the process if a capacitor device as in Fig. 2 is the desired end result, however in the case 
of an integrated circuit as in Fig. 4, there follows completion steps 97 such as contact metalization, capping, etc. As 
5 will be discussed further below, not all of the steps outlined above are necessary for every device: some steps are 
optional and others are used only for certain layered superlattice materials. 

[0023] The preferred precursors solutions and their preparation in step 80 are discussed in detail in United States 
patent No. 5 423 285. Generally a metal or a metal compound is reacted with a carboxylic acid, such as 2-ethylhexanoic 
acid, to produce a metal hexanoate, which is dissolved in a suitable solvent or solvents, such as xylenes. Other metal- 

10 organic acid esters in addition to the 2-ethylhexanotates that may for suitable precursors when compounded with a 
metal are the acetates and acetylacetonates. For some metals, such as titanium, the precursor metal compound may 
comprise a metal alkoxide, such as titanium 2-methoxyethoxide. Other alkoxides that may be compounded with a metal 
and used as precursor compounds include the methoxides, ethoxides, n-propoxide, iso-propoxides, n-butoxides, iso- 
butoxides, tert-butoxides, 2-methoxy ethoxides, and 2-ethoexyeth oxides. The precursor metal compound is preferably 

15 dissolved in a solvent having a boiling point greater than the boiling point of water, i.e. 1 00 °C, A xylenes solvent works 
for most metals. For highly electropositive elements, the solvent preferably includes 2-methoxyethanol or n-butyl ac- 
etate. Some solvents that may be used, together with their boiling points, include: alcohols, such as 1-butanol (117 
°C), 1-pentanol (117 °C), 2-pentanol (119 °C), 1-hexanol (157 °C), 2-hexanol (136 °C), 3-hexanol (135 °C), 2-ethyl- 
1-butanol (146 °C), 2-methoxyethanol (124 °C), 2-ethoxyethanol (135 °C), and 2-methyl-1-pentanol (148 °C); ketones, 

20 such as 2-hexanone (methyl butyl ketone) (127°C), 4-methyl-2-pentanone (methyl isobutyl ketone) (118 °C), 3-hep- 
tanone (butyl ethyl ketone) (1 23 °C), and cyclohexanone (1 56 °C); esters, such as butyl acetate (1 27 °C), 2-methoxyethl 
acetate (1 45 °G), and 2-ethoxyethyl acetate (1 56 *'C); ethers, such as 2-methoxyethyl ether (1 62 °C) and 2-ethoxyethyl 
ether (190 °C); and aromatic hydrocarbons, such as xylenes (138 °C - 143 °C), toluene (111 °C) and ethylbenzene 
(136 °C). 

25 [0024] The precursors of the individual metals may be made separately and then mixed, but generally they are all 
made together in the same container and mixed as they are made. After mixing, the precursor solution may be distilled 
to remove water and other undesirable impurities and by-products of the preparation process, although if the precursors 
and solvents are available in pure enough states, the distillation step 81 may be skipped. The solvent type and con- 
centration may then be adjusted in step 83 either to prepare it for coating, if the coating is to be done immediately, or 

30 to provide a precursor with a long shelf life. If the solvent control steps are such as to prepare a solution with a long 
shelf life, then just before coating, another adjustment will usually be done to optimize the thin film. Some adjustments 
to produce a long shelf life and to produce high quality films are discussed in detail in United States patent No. 5 423 
285. It is a feature of the present invention that it has been found that while a single solvent precursor, such as the 
precursors with xylenes as the solvent described in the prior application, may have a long shelf life, adding a second 

35 solvent, or a plurality of solvents immediately prior to coating results in much higher quality thin films, 

[0025] It has been found that a single solvent often cannot be found that has the optimum solubility, viscosity, and 
boiling point. The solubility of the metal compound in the solvent determines whether or not fine precipitates occur; the 
viscosity detennlnes the smoothness of the coating process, and the boiling point determines how fast the solvent 
vaporizes in the drying process, which effects whether defects appear during the drying. To optimize all the desirable 

40 properties, in the preferred embodiment one or more additional solvents are added, and the concentration adjusted, 
usually by distilling, just prior to coating. Utilizing the boiling point information given above, a solvent with a higher 
boiling point may be added to retard the overall drying process, or a solvent with a lower boiling point may be added 
to speed up the drying process. N-butyl acetate may be added to increase the solubility. For example, when n-butyl 
acetate is added as a third solvent, to a precursor that contains both xylenes and 2-methoxyethanol, preferably in a 

45 ratio of approximately 50% xylenes. 20 % methoxylethanol, and 30% n-butyl acetate, the resulting thin films have a 
more even surface and have fewer cracks, spats, and less precipitation of microparticles. Since methoxyethanol is not 
a good solvent for metal esters such as 2-ethylhexanotes, a recommended solvent for these materials is 50% xylenes 
and 50% n-butyl acetate. The Improvement is especially significant when strontium Is one of the metals in the precursor. 
Generally, solvents with a boiling point above 200 °C are not suitable, even if they have good solubility, because the 

50 high evaporation temperature and low vapor pressure are not compatible with the spin-on and drying processes used 
in the preferred embodiment of the invention. The addition of ethylene glycohol and formamide as evaporation speed 
control additives has also been found to be effective to control the cracking problem. 

[0026] In steps 85A and 86A, or steps 85B and 86B, a substrate Is provided and prepared for coating. Almost any 
substrate that will support a thin film and is compatible with the materials and processes described herein may be used. 
55 Some of these substrates include oxidized or non-oxidized silicon or gallium arsenide semiconducting wafers, with or 
without integrated circuits and/or metalized layers added, plates of silicon or glass, and other electronic device chips. 
For the exemplary devices of this disclosure, the substrates were metalized substrates 18 as shown in Fig. 3. The 
fabrication of the substrate 1 8 Is described in detail In prior US patent no. 5 423 285 referred to above, and will not be 
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repeated herein. While platinum with a titaniunn adhesion layer is the metalization used in the examples discussed, 
numerous other metals may be used such as platinum with an adhesion layer of tantalum, tungsten, molybdenum, 
chromium, nickel or alloys of these metals, and titanium nitride. Sputtering or vacuum deposition are the preferred 
deposition processes, though other metalization processes may be used. Heating of the substrates during the metal- 

5 ization deposition is effective to increase adhesion, It has been found that prebaking of the metalized substrate at a 
temperature that is higher than or equal to the temperature of any of the subsequent processes performed on the wafer 
10, which processes are described below, is usually necessary to optimize the electronic properties of the thin film 30. 
The prebaking step 86A comprises baking in an oxygen atmosphere, preferably at a temperature of between 500 °C 
and 1 000 °C prior to the coating step 87. Preferably the wafer 1 0 is baked in a diffusion furnace. The substrate prebake 

10 step 86A removes water and organic impurities from the substrate surface. More importantly, the prebaking decreases 
the internal stress of the metal layer 28 through the annealing effect of the prebaking and the partial oxidation and 
interdiffusion of the adhesion layer 26 metal. All this increases the adhesion between the substrate 1 8 and the layered 
superlatticefilm 30 and minimizes the peeling problem. Further, if the adhesion layer 26 is a transition metal, the partial 
oxidation stabilizes the metal chemically. Therefore the number of mobile atoms penetrating i nto the layered superlattice 

15 layerSO through the platinum layer 28 Is drastically decreased, and the layered superlattice layer 30 crystallizes smooth- 
ly without defects due to the diffused ions. If the substrate is not metallized, then the silicon or other wafer is dehydrated 
at a lower temperature. 

[0027] The precursor mixing, distillation, solvent control, and concentration control steps 81 , 82, and 83 have been 
discussed separately and linearly for clarity. However, these steps can be combined and/or ordered differently depend- 

20 ing on the particular liquids used, whether one intends to store the precursor or use it Immediately, etc. For example, 
distillation is usually part of solvent concentration control, as well as being useful for removing unwanted by-products, 
and thus both functions are often done together. As another example, mixing and solvent control often share the same 
physical operation, such as adding particular reactants and solvents to the precursor solution in a predetermined order. 
As a third example, any of these steps of mixing, distilling, and solvent and concentration control may be repeated 

25 several times during the total process of preparing a precursor. 

[0028] The mixed, distilled, and adjusted precursor solution is then coated on the substrate 1 8. Preferably the coating 
Is done by a spin-on process. The preferred precursor solution concentration is 0.01 to 0.50 M (moles/liter), and the 
preferred spin speed is between 500 rpm and 5000 rpm. 

[0029] The spin-on process and the misted deposition process remove some of the solvent, but some solvent remains 
30 after the coating. This solvent is removed from the wet film in a drying step 88. At the same time, the heating causes 
thermal decomposition of the organic elements in the thin film, which also vaporize and are removed from the thin film. 
This results In a solid thin film of the layered superlattice material 30 in a precrystalllzed amorphous state. This dried 
film is sufficiently rigid to support the next spin-on coat. The drying temperature must be above the boiling point of the 
solvent, and preferably above the thermal decomposition temperature of the organics in precursor solution. The pre- 
ss ferred drying temperature is between 1 50 °C and 400 °C and depends on the specific precursor used. The drying step 
may comprise a single drying step at a single temperature, or multiple step drying process at several different temper- 
atures, such as a ramping up and down of temperature. The multiple step drying process is useful to prevent cracking 
and bubbling of the thin film which can occur due to excessive volume shrinkage by too rapid temperature rise. An 
electric hot plate is preferably used to perform the drying step 88. 
40 [0030] The drying step 88 is optionally followed by an RTP bake step 89. Radiation from a halogen lamp, and infrared 
lamp, or an ultraviolet lamp provides the source of heat for the RTP bake step. In the examples, an AG Associates 
model 410 Heat Pulser utilizing a halogen source was used. Preferably, the RTP bake is performed In an oxygen 
atmosphere of between 20% and 100% oxygen, at a temperature between 500 °C and 850 °C, with a ramping rate 
between 1 °C/sec and 200 °C/sec, and with a holding time of 5 seconds to 300 seconds. Any residual organics are 
45 burned out and vaporized during the RTP process, At the same time, the rapid temperature rise of the RTP bake 
promotes nucleation, i.e. the generation of numerous small crystalline grains of the layered superlattice material in the 
solid film 30. These grains act as nuclei upon which further crystallization can occur. The presence of oxygen in the 
bake process is essential in forming these grains. 

[0031] The thickness of a single coat, via the spin process or otherwise, is very important to prevent cracking due 
50 to volume shrinkage during the following heating steps 88, 89, and 92. To obtain a crack-free film, a single spin-coat 
layer must be less than 2000 A after the bake step 89. Therefore, multiple coating is necessary to achieve film thick- 
nesses greater than 2000 A. The preferred film fabrication process includes RTP baking for each spin-on coat. That 
Is, as shown In Fig. 1 , the substrate 18 is coated, dned, and RTP baked, and then the process 90 Is repeated as often 
as necessary to achieve the desired thickness. However, the RTP bake step is not essential for every coat. One RTP 
55 bake step for every two coats is practical, and even just one RTP bake step at the end of a series of coats is strongly 
effective in improving the electronic properties of most layered superlattice ferroelectrics. For a limited number of spe- 
cific precursor/layered supertatticematenal compositions, particularly ones utilizing concentrations of bismuth in excess 
of stoichiometry, the RTP bake step 89 is not necessary. 
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[0032] Once the desired film thickness has been obtained, the dried and preferably baked filnn is annealed in step 
92, which is referred to as a first anneal to distinguish it fronn subsequent anneals. The first anneal is preferably per- 
formed in an oxygen atmosphere in a furnace. The oxygen concentration is preferably 20% to 100%, and the temper- 
ature is above the crystallization temperature of the particular layered superlattice material 30. Generally, for the ma- 

5 terials of the invention, this temperature is above 700 °C. To prevent evaporation of elements from the layered super- 
lattice material 30 and to prevent thermal damage to the substrate, including damage to integrated circuits already in 
place, the annealing temperature is preferably kept below 850 °C. Preferably the annealing for strontium bismuth 
tantalate is done at about 800 °C for 30 to 90 minutes, and is in a similar range for most other layered superlattice 
materials. Again, the presence of oxygen is important in this first anneal step. The numerous nuclei, small grains 

10 generated by the RTP bake step, grow, and a well-crystallized ferroelectric film is formed under the oxygen-rich at- 
mosphere. 

[0033] After the first anneal, the second or top electrode 32 is formed. Preferably the electrode is formed by RF 
sputtering of a platinum single layer, but it also may be formed by DC sputtering, ion beam sputtering, vacuum deposition 
or other appropriate deposition process. If desirable for the electronic device design, before the metal deposition, the 
15 layered superlattice material 30 may be patterned using conventional photolithography and etching, and the top elec- 
trode 32 is then patterned in a second process after deposition. In the examples described herein, the top electrode 
32 and layered superlattice material 30 are patterned together using conventional photolithography techniques and 
ion beam milling. 

[0034] As deposited, the adhesion of the top electrode 32 to the layered superlattice material is usually weak. Pref- 
20 erably, the adhesion is improved by a heat treatment. The wafer 1 0 including the layered superlattice film 30 covered 
by the top electrode 32 may be annealed before the patterning step 95 described above in a heat treatment designated 
in Fig. 1 as the second anneal (1) step 94, after the patterning step 95 by a heat treatment designated in Fig. 1 as the 
second anneal (2) step 96, or both before and after the patterning step 95. The second anneal is preferably performed 
in an electric furnace at a temperature between 500 °C and the first anneal temperature. A second anneal below 500 
25 °c does not improve the adhesion of electrode 32, and the resulting capacitor devices are sometimes extremely leaky, 
and shorted in the worst cases. 

[0035] The second anneal releases the internal stress in the top electrode 32 and in the interface between the elec- 
trode 32 and the layered superlattice material 30. At the same time, the second annealing step 94, 96 reconstructs 
mic restructure in the layered superlattice material 30 resulting from the sputtering of the top electrode, and as a result 

30 improves the properties of the material. The effect is the same whether the second anneal is performed before or after 
the patterning step 95. The effect of oxygen ambient during the second anneal is not as clear as it is in the case of 
RTP bake 89 and the first anneal 92, because the layered superiattice material 30 is covered by the top electrode and 
not exposed to the ambient atmosphere. With regard to most electrical properties, inert gas, such as helium, argon, 
and nitrogen may be used with approximately the same result as with oxygen. However it has been found that an 

35 oxygen atmosphere during the second anneal improves the crystallographic order at the interface of the electrode 32 
and layered superlattice material 30 as well as the symmetry of the hysteresis curve. 

[0036] Below, examples of the fabrication process according to the invention as applied to a wafer 10 as shown in 
Figs. 2 and 3 are given. Following each of the examples, there is a discussion of the electrical/electronic properties 
illustrated in the figures. The figures include hysteresis curves, such as Fig. 5, and material endurance or "fatigue" 

40 curves such as Fig. 6. The hysteresis curves are given in terms of either the applied voltage in volts, as for example 
in Fig. 5, or the electric field in kilovolts per centimeter, as for example in Fig. 7, versus the polarization charge in 
microcoulombs per centimeter squared. Generally, the hysteresis is shown for three different voltages (or fields) gen- 
erally, 2 volts, 4 volts, and 6 volts. As is well-known, hysteresis curves which suggest good ferroelectric properties tend 
to be relatively boxy and long in the direction of polarization, rather than thin and linear. The hysteresis measurements 

45 were all made on an uncompensated Sawyer-Tower circuit unless otherwise noted. The endurance or "fatigue" curves 
give the polarization charge, 2Pr, in microcoulombs per square centimeter versus the number of cycles. The polarization 
charge 2Pr is the charge created by switching a capacitor such as 16 from a state where it is fully polarized in one 
direction, say the upward vertical direction in Fig. 3, to the opposite fully polarized state, which would be the downward 
vertical direction in Fig. 3. Here, by "fully polarized" means the state in which the ferroelectric material has been po- 

50 larized fully and the field removed. In terms of an hysteresis curve, such as shown in Fig, 5, it is the difference between 
Pr+, the point where the hysteresis curve crosses the positive polarization axis (y-axis), and Pr_, the point where the 
hysteresis curve crosses the negative polarization axis. Unless otherwise noted, the value of 2Pr given is taken from 
the hysteresis measurement at the highest voltage. The higher the value of 2Pr, the better will be the performance of 
the material in ferroelectric memories and other applications. A cycle is defined as the capacitor, such as 16, being 

55 switched through one square pulse. This polarization, 2Pr, is approximately twice the remnant polarization, Pr. Other 
figures, such as Fig. 11 , also show the value 2Ec, which is given in kilovolts per cm, versus some other parameter, 
such as the amount of bismuth in the stoichiometry (Fig. 11). The parameter 2Ec is equal to the sum of the coercive 
field on the positive side, Ec+, and the coercive field on the negative side, Ec-, upon a voltage change, generally taken 
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as from -6 to +6 volts for the figures shown. The coercive field is a measure of the size of the field that is required to 
switch the material from one polarization state to another. For a practical electronic device, it should be high enough 
that stray fields will not cause polarization switching, but if it is too high, large voltages will be required to operate the 
device. Other parameters and terms used in the figures and discussion should be clear from the context. 

5 [0037] As a first example, a wafer 10 including a number of capacitors 12, 24, 16. etc. was fabricated in which the 
layered superlattice material 30 was strontium bismuth tantalate (SrBigTagOg). The precursor solution comprised stron- 
tium 2-ethylhexanoate, bismuth 2-ethylhexanoate, and tantalum 2-ethylhexanoate in a xylenes solvent. The plural 
"xylenes" is used instead of the singular "xylene", because commercially available xylene includes three different frac- 
tionations of xylene. The three metal 2-ethylhexanoates were mixed in a proportion such that the strontium and tantalum 

10 were present in the mixed precursor in stoichiometric proportions, while the bismuth was present in 110% of stoichi- 
ometry. The molarity of the solution was approximately 0.2 moles per liter. The precursor was diluted to 0.13 moles 
per liter by the addition of n-butyl acetate. A substrate 18 comprising a single crystal silicon layer 22, a 5000 A thick 
layer 24 of silicon dioxide, a 200 A thick layer 26 of titanium, and a 2000 A thick layer 28 of platinum was prebaked at 
800 °C in a diffusion furnace for 30 minutes with an oxygen flow of 6 liters/min. An eyedropper was used to place 1 ml 

15 of the SrBi2Ta209 precursor solution on the substrate 18. The wafer was spun at 1 500 RPM for 40 seconds, The wafer 
10 was then placed on a hot plate and baked in air at about 170 °C for 5 minutes and then at 250°C for another 5 
minutes. The wafer 10 was then RTP baked at 725 °C with a ramping rate of 125 °C/sec, a hold time of 30 seconds, 
a natural cool time of 6 minutes, and an ambient oxygen flow of approximately 100-200 cc/minute. The steps from 
using an eyedropper to deposit solution on the wafer through RTP baking were repeated for another coat. The wafer 

20 was then transferred to a diffusion furnace and annealed at 800 °C in an oxygen flow of 6 l/min for 60 minutes. The 
top layer 32 of 2000 A platinum was sputtered, a resist was applied, followed by a standard photo mask process, an 
ion mill etch, an IPC strip and a second anneal at 800°C in an oxygen flow of about 6 l/min for 30 minutes. The final 
thickness of the layered superlattice film 30 was 2000 A. 

[0038] Fig. 5 shows initial hysteresis curves for the SrBi2Ta209 sample fabricated in Example 1 . Fig. 6 is a graph of 
25 2Pr versus number of cycles for the sample of Fig. 5 taken from a series of 20 hysteresis curves such as those of Fig. 
5; this may be referred to as an endurance or "fatigue" curve as it demonstrates the decline in 2Pr, which may be 
interpreted as the amount of fatigue of the material, over the number of cycles switched. Fig. 6, shows that the fatigue 
over 2X10^0 cycles is less than 1 0%. Moreover the value of 2Pr is about 1 7 C/cm^. 

[0039] The basic process for making low-fatigue layered superlattice materials and devices utilizing such materials, 

30 as discussed and claimed in the copending United States patent No. 5 425 285, results in similar excellent low-fatigue 
results as shown in Figs. 4 and 5. In both the materials made according to the basic process of the prior disclosure 
and the materials made with the added improvements of the present disclosure, the coercive field is such that electronic 
devices that operate in the range of 2 to 10 volts, the standard range for integrated circuits, are possible. With the 
improved process of the present disclosure, polarizabilities in the rangeof 15 C/cm^to more than 25 C/cm^ are possible, 

35 while keeping the same excellent resistance to fatigue and excellent coercive field size. 

[0040] To investigate the effect of RTP baking temperature, samples were fabricated as described in example 1 
except that various hold temperatures were utilized. In one series of samples the precursors were mixed so that the 
proportions of strontium, bismuth and tantalum were stoichiometric, while in another series 10% extra bismuth was 
added. In the stoichiometric samples, the thickness of the layered superlattice layers 30 was between 2100 A and 

40 2200 A. In the 1 0% excess bismuth samples the thickness was about 2000 A. The hysteresis curves were measured 
at 2, 4, and 6 volts for both series of samples with the results shown in Fig. 7 for the stoichiometric samples and in Fig. 
8 for the 10% excess bismuth samples. Fig. 9 shows a graph of 2Pr measured from the 6 volt hysteresis curves of 
Figs. 7 and 8. For both the stoichiometric samples and the 1 0% excess bismuth samples, the value of 2Pr increases 
dramatically above 500 °C, and has a maximum at about 725 °C +25 °C. The optimum RTP baking temperature has 

45 been found to vary with the particular layered superlattice material. 

[0041 ] It is also noted from Fig. 8 that for the 1 0% excess bismuth the hysteresis curve at 2 volts is almost superim- 
posed on the hysteresis curves for 4 volts and 6 volts. This is an extremely useful property since it indicates that the 
a range of applied voltages will result In nearly the same electronic response, which allows one to design electronic 
devices that will perform consistently over a range of voltages. Further, from Fig. 9, the value of 2Pr is consistently and 

50 significantly higher for the 1 0% excess bismuth samples than for the stoichiometric samples. Fig. 34 shows a graph 
of 2Pr versus anneal time for samples of strontium bismuth tantalate using a stoichiometric precursor as compared to 
samples using a 20% excess bismuth precursor. The 20% excess bismuth content material reaches a higher ultimate 
2P Rvalue than either the stoichiometric sample or the 10% excess bismuth sample of Fig. 9, although the maximum 
is reached after a longer annealing time. However, for any given annealing time, the 2Pr of the 20% excess bismuth 

55 sample stays well above that for the stoichiometric sample. This superior performance in the samples with excess 
bismuth in the precursor solution is believed to be due to the fact that bismuth and bismuth oxide have a higher vapor 
pressure (lower vapor point) than the other metals in the layered superlattice material and the oxides of these other 
metals. Since the thin film preparation process includes several heating steps, some at relatively high temperatures. 
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the bismuth and bismuth oxide are easily vaporized during the fabrication process. As a result, some bismuth is lost 
during the process, and if a stoichiometric proportion of bismuth was present in the mixed precursor, there will be less 
than a stoichiometric amount in the completed thin film, and the resulting layered superlattice material will have many 
defects, especially on the surface, with resulting degradation of the crystalline state and the ferroelectric properties 

5 that depend on that state. The excess bismuth compensates for the loss of bismuth during fabrication, resulting in a 
more nearly stoichiometric thin film and improved ferroelectric properties. The effect of excess bismuth content on the 
properties of strontium bismuth tantalate was studied more thoroughly in a second variation of the process of the 
invention utilizing a bismuth gradient, which will be discussed below. As will be seen, this variation overcomes the 
problem of the long annealing time required to reach the maximum 2Pr for the excess bismuth samples. 

10 [0042] From the data of Figs. 7, 8, and 9, another fact becomes apparent. RTP bake improves 2Pr for the materials 
formed from stoichiometric precursors by more than 100%. RTP bake also improves the performance of the excess 
bismuth materials, but only by about 30%. Thus RTP bake is essential for the materials formed from stoichiometric 
precursors, but not essential for materials formed from precursors with excess bismuth. Put in terms of the layered 
superlattice compound fomnula, the RTP baking step is necessary when using a precursor solution with the following 

15 composition: 

(I) SrBi4.2^^^{(Tay,Nb^.y)^,(Ti^,Zr^.j2-2x)20i5-6x. 

20 where 0 < x < 1 .0, 0 < y < 1 .0, 0 < z < 1 .0, and x - 2 < a < 1 .6(2-x). The parameter a represents the amount of bismuth 
in the material. The range of a just given is equivalent to a range of bismuth from 50% to 180% of stoichiometry. 
Preferably, 0.7<x< 1.0, 0.8 <y < 1.0, 0.6 <z < 1.0, and 0 < a < 0.8(2-x), which is equivalent to an amount of bismuth 
from 100% to 140% of stoichiometry. RTP baking is not always necessary when using a precursor of the following 
composition: 

25 

("') SrBi4.2,^„{(Tay,Nbi.y)„(Ti,,ZriJ2 

where 0 < x < 1 .0, 0 < y < 1 .0, 0 < z < 1 .0, and 0 < a < 1 .6(2-x), which range is equivalent to bismuth content of 1 00% 
30 to 1 80% of stoichiometry; preferably, 0.7 < x < 1 .0, 0.8 < y < 1 .0, 0.6 < z < 1 .0, and 0 < a < 1 .2(2-x), which range is 
equivalent to a bismuth content of 100% to 160% of stoichiometry. 

[0043] Finally, another fact that arises from the data above is that by controlling the bismuth content of the precursor, 
one can control the electronic properties, such as 2Pr, 2Ec, and the resistance to fatigue. As we shall see in more 
detail below, this leads to the ability to design electronic devices utilizing recorded data such as that discussed above. 

35 [0044] As a second example, a series of ten wafers 1 0 including a number of capacitors 1 2, 24, 1 6, etc. was fabricated 
in which the layered superlattice material 30 was strontium bismuth tantalate (SrBi2Ta209). The precursor solution 
comprised strontium 2-ethylhexanoate, bismuth 2-ethylhexanoate, and tantalum 2-ethylhexanoate in a xylenes solvent. 
The three metal 2-ethylhexanoates were mixed in a proportion such that the strontium and tantalum were present in 
the mixed precursor in stoichiometric proportions, while the bismuth was present in the following proportions different 

40 percentage of stoichiometry for each of the ten wafers: 50%; 80%; 95%; 100%; 105%; 110%; 120%; 130%; 140%; and 
150% of stoichiometry. The molarity of the solution was approximately 0.09 moles per liter. A substrate 18 comprising 
a single crystal silicon layer 22, a 5000 A thick layer 24 of silicon dioxide, a 200 A thick layer 26 of titanium, and a 2000 
A thick layer 28 of platinum was prebaked at 800 °C in a diffusion furnace for 30 minutes with an oxygen flow of 6 
liters/min. An eyedropper was used to place 1 ml of the SrBigTagOg precursor solution on the substrate 18. The wafer 

45 was spun at 2000 RPM for 40 seconds. The wafer 1 0 was then placed on a hot plate and baked in air at about 1 80 °C 
for 5 minutes and then at 250°C for another 5 minutes. The wafer 1 0 was then RTP baked at 725 °C with a ramping 
rate of 125 °C/sec, a hold time of 30 seconds, a natural cool time of 6 minutes, and an ambient oxygen flow of about 
100-200 cc/minute. The steps from using an eyedropper to deposit solution on the wafer through ITTP baking were 
repeated for another coat. The wafer was then transferred to a diffusion furnace and annealed at 800 °C in an oxygen 

50 flow of 6 l/min for 30minutes. The top layer 32 of 2000 A platinum was sputtered, a resist was applied, followed by a 
standard photo mask process, an ion mill etch, an IPC strip and a second anneal at 800°C in an oxygen flow of 6 1/ 
min for 30 minutes. The final thickness of the layered superlattice film 30 was 1 900 A to 21 00 A. 
[0045] Hysteresis curves for each of the ten samples made according to the process of Example 2 are shown in Fig. 
10. As indicated above, all were prepared with an ITTP bake at about 725 °C. The values of 2Pr and 2Ec taken from 

55 the 6 volt hysteresis curves are plotted in Fig . 11. The graph shows that the material is clearly ferroelectric above 50% 
of stoichiometry. As the amount of bismuth increases, so does 2Pr and 2Ec. At about 1 00% of stoichiometry, 2Ec peaks 
and then decreases steadily until it becomes relatively flat at about 130% of stoichiometry. 2Pr peaks at about 120% 
of stoichiometry [a = 0.4 in the formula (I) or (1')] and then decreases gradually. The upper limit of bismuth concentration 
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is defined by the electrical shorting of the thin film due to the degradation of film quality caused by excessive grain 
growth or migration of excess bismuth. Fig. 12 is a graph showing the fatigue of the samples of Example 2 having the 
different bismuth concentrations. All of the samples show excellent resistance to fatigue, which property does not 
depend on the bismuth content as long as the material is ferroelectric. 
5 [0046] The excellent properties for the films having excess bismuth are also applicable to other elements which form 
high vapor pressure compounds during the process of fabricating layered superlattice materials. In addition to bismuth, 
other such elements are lead, thallium and antimony. 

[0047] As a third example, a series of three wafers 1 0 including a number of capacitors 1 2, 24, 1 6, etc. was fabricated 
in which the layered superlattice material 30 was strontium bismuth tantalate (SrBi2Ta209). The precursor solution 

10 comprised strontium 2-ethylhexanoate, bismuth 2-ethylhexanoate, and tantalum 2-ethylhexanoate in a xylenes solvent. 
The three metal 2-ethylhexanoates were mixed in a proportion such that the strontium, bismuth and tantalum were 
present in the mixed precursor in stoichiometric proportions. There was no dilution with a second solvent. The molarity 
of the solution was approximately 0.11 moles per liter. A substrate 18 comprising a single crystal silicon layer 22, a 
5000 A thick layer 24 of silicon dioxide, a 200 A thick layer 26 of titanium, and a 2000 A thick layer 28 of platinum was 

15 prebal<ed at 800 °C in a diffusion furnace for 30 minutes with an oxygen flow of 6 liters/min. An eyedropper was used 
to place 1 ml of the SrBigTagOg precursor solution on the substrate 1 8. The wafer was spun at 1 500 RPM for 40 seconds. 
The wafer 10 was then placed on a hot plate and baked in air at about 180 °C for 3 minutes and then at 250°C for 5 
minutes. The wafer 10 was then RTP baked at 700 °C with a ramping rate of 125 °C/sec, a hold time of 30 seconds, 
a natural cool time of 6 minutes, and an ambient oxygen flow of 1 00-200 cc/minute. The steps from using an eyedropper 

20 to deposit solution on the wafer through RTP baking were repeated for another two coats for a total of three coats. The 
wafer was then transferred to a diffusion furnace and annealed. For one sample the annealing temperature was 700 
°Cfor 120 minutes; for a second sample the annealing temperature was 750 °C for 120 minutes; for the third sample 
the annealing temperature was 800 °C for 30 minutes. All annealing was in an oxygen flow of 6 l/min for 30minutes. 
The top layer 32 of 2000 A platinum was sputtered, a resist was applied, followed by a standard photo mask process, 

25 an ion mill etch, an IPC strip and a second anneal at 800°C in an oxygen flow of 6 l/min for 30 minutes. The final 
thickness of the layered superlattice film 30 in each case was about 3300 A. 

[0048] Figure 1 3 shows a graph of 2Pr and 2Ec for the samples of Example 3 versus the first anneal temperature. 
The sample annealed at 800 °C shows improved ferroelectric performance even though it was annealed for a much 
shorter time. Thus annealing temperature is critical. Below 650 °C, the crystallization does not proceed even if the film 

30 had been previously RTP baked at a high temperature. 

[0049] Another series of five samples of SrBi2Ta209 were fabricated as in Example 3, except that the first anneal 
was perfomned at 800 °C for all of the samples and the annealing time was as follows: 30 minutes, 45 minutes; 60 
minutes; 90 minutes; and 140 minutes. The final thickness of the samples was about 2200 A. 2Pr and 2Ec measured 
from the 6-volt hysteresis curves for each sample are plotted in Fig. 14. 2Pr is essentially saturated at 60 minutes, and 

35 decreases after about 120 minutes. 2Ec decreases only slightly after 60 minutes. The results suggest that an anneal 
time in excess of about 90 minutes is not beneficial, and may even degrade performance by promoting bismuth evap- 
oration and substrate damage. At 800 °C, the anneal time should be between 30 minutes and 90 minutes. 
[0050] A series of twelve samples were fabricated as described in Example I except that the drying temperature on 
the hot plate was 180 °C and the second anneal was performed for each combination of the following temperatures 

40 and times: 450 °C, 600 °C, and 800 °C; for 1 5 minutes, 30 minutes, 60 minutes, and 1 20 minutes. The measured value 
of 2Pr is plotted in Fig. 15 for each series of times at a given temperature. The 600 °C anneal shows an essentially 
equal improvement over the 450 °C anneal for every anneal time. The 600 °C anneal shows results equal to the 800 
°C anneal for times longer than about 45 minutes. 

[0051 ] Another series of eight samples was fabricated as described in the above paragraph, except that the second 
45 anneal was performed at 800 ''C for all samples and one series of four samples was annealed under oxygen ambient 
conditions and the other under nitrogen ambient conditions. The results are graphed in Fig. 1 6. The samples fabricated 
underan oxygen atmosphere show clearly better 2 Pr results than thesamples annealed underthe nitrogen atmosphere, 
though not as pronounced as for the temperature differences. This is believed to be due to the oxygen having effect 
mainly at the surface of the material. 
50 [0052] In this section various solid solutions of strontium bisnnuth tantalate, strontium bismuth niobate, strontium 
bismuth titanate, and strontium bismuth zirconate shall be discussed. To shorten the technical description and make 
the figures easier to read, strontium bismuth tantalate will sometimes be referred to as tantalate or abbreviated as Ta, 
strontium bismuth niobate will sometimes be referred to as niobate or abbreviated as Nb, strontium bismuth titanate 
will sometimes be referred to as titanate or abbreviated as Ti, and strontium bismuth zirconate will sometimes be 
55 referred to as zirconate or abbreviated as Zr, This designation should always be clear from the context. This method 
of designating the layered superlattice materials helps illuminate the utility of the methods of the invention for designing 
electronic devices. 

[0053] In the following example, layered superlattice materials comprising a solid solution of strontium bismuth tan- 



12 



EP 0 665 981 B1 



talate (Ta) and strontium bisnnuth niobate (Nb) were investigated. 

[0054] As a fourth exannple, a series of wafers 10 including a number of capacitors 12, 24, 16, etc. was fabricated 
in wliicli the layered superlattice material 30 was strontium bismuth tantalum niobate [SrBi2(Tay,Nbi.y)209], that is, a 
solid solution of Ta and Nb, was fabricated. The precursor solution comprised strontium 2-ethylhexanoate, bismuth 

5 2-ethylhexanoate, tantalum 2-ethylhexanoate and niobium 2-ethylhexanoate in a xylenes solvent. The four metal 
2-ethylhexanoates were mixed in a proportion such that the strontium, bismuth, tantalum, and niobium were present 
in the mixed precursor in stoichiometric proportions, with y taking on a series of values from 0 to 1 . The molarity of the 
solution was approximately 0.10 moles per liter. No dilution with a second solvent was performed. A substrate 18 
comprising a single crystal silicon layer 22, a 5000 A thick layer 24 of silicon dioxide, a 200 A thick layer 26 of titanium, 

10 and a 2000 A thick layer 28 of platinum was prebaked at 800 °C in a diffusion furnace for 30 minutes with an oxygen 
flow of about 6 liters/min. An eyedropper was used to place 1 ml of the [SrBigCTay.Nb^. y)209] precursor solution on 
the substrate 1 8. The wafer was spun at 1500 RPM for 40 seconds. The wafer 1 0 was then placed on a hot plate and 
baked in air at about 1 80 °C for 5 minutes and then at 250°C for another 5 minutes. The wafer 1 0 was then RTP baked 
at 725 °C with a ramping rate of 125 °C/sec, a hold time of 30 seconds, a natural cool time of 6 minutes, and an ambient 

15 oxygen flow of 100 to 200 cc/mlnute, The steps from using an eyedropper to deposit solution on the wafer through 
RTP baking were repeated for another coat. The wafer was then transferred to a diffusion furnace and annealed at 
800 °C in an oxygen flow of 6 l/min for 60minutes. The top layer 32 of 2000 A platinum was sputtered, a resist was 
applied, followed by a standard photo mask process, an ion mill etch, an IPC strip and a second anneal at 800°C in 
an oxygen flow of 6 l/min for 30 minutes. The final thickness of the films 30 ranged between 1400 A and 2100 A, 

20 depending on the sample. 

[0055] Fig. 17 is a graph of the hysteresis curves for five samples of strontium bismuth tantalum niobate (TaNb) 
having the following percentages of Ta: 1 00% (SrBi2Ta209); 70%; 50%; 30%; and 0% (SrBigNbgOg). The voltages at 
which the hysteresis curves were taken were 2, 4, and 6 volts as before. Fig. 18 shows a plot of 2Pr and 2Ec versus 
the percentage of Nb, as compared toTa, in the SrBi2(Tay,Nb-|.y)209, with 2Prand 2Ec being measured as before from 

25 ±6 volt hysteresis curves. The substitution of niobium forthetantalum caused both 2Prand2Ecto increase dramatically. 
Fig. 1 9 shows the fatigue curves out to 2 X 1 0''° cycles for five different samples of TaNb with five different ratios of Ta 
to Nb. The samples were fatigued at 300 kV/cm and the hysteresis curves from which the data for the fatigue curves 
were taken were performed at 250 Kv/cm. It is further noted that if the same molarity is used for precursor solutions, 
the viscosity of the solutions changes with the Ta/Nb ratio, with the Ta precursor being more viscous than the Nb 

30 precursor. As a result the final thickness of the 100% Ta films is approximately twice as thick as the 100% Nb films. 
Further, Ta enriched films tend to saturate their hysteresis at a lower voltage than Nb enriched films. Thus the values 
of 2Pr in Fig. 1 9 for the various ratios differ from those in Fig. 18. The resistance to fatigue is excellent for all samples. 
However, the large coercive field for samples with a high percentage of Nb would result in devices requiring large 
voltages to operate. Therefore, in view of practical electronic device applications, an amount of tantalum in SrBigCTa^, 

35 Nbi.y)209 with y between 0.5 and 1 ,0 is recommended. 

[0056] Two additional samples of SrBi2(Tay,Nbi.y)20g with a tantalum/niobium ratio of 1 , were fabricated using the 
same process as Example 4, except that n-butyl acetate was added as a second solvent, and three coats were applied 
in steps 90 (Fig.1), with the resulting thickness of the film 30 being 1850 A. In one sample the concentration of bismuth 
in the mixed precursor was stoichiometric, and in the other there was 1 0% excess bismuth. The hysteresis curves for 

40 the two samples at 2 volts, 4 volts, and 6 volts are given in Figs. 20 and 21 . Comparing the curves to the 1 .00 and 1.10 
curves in Fig. 1 0, the effect of the bismuth content is similar. It has been found that in general, in all the compositions 
discussed in this disclosure, the effect of excess bismuth is similar: 2Pr increases as a function of bismuth content in 
the precursor solutions out to a peak value and then tends to decrease slowly until the material degrades due to too 
much bismuth. 

45 [0057] In the crystalline structure of strontium bismuth niobate, niobium has the same valence and almost the same 
ionic radii as tantalum in strontium bismuth tantalate. Thus tantalum and niobium can substitute for one another in the 
crystal structure without restriction. All of the resulting materials are excellent ferroelectrics. The next example illustrates 
the result when two layered superlattice materials with significantly different crystal structure are mixed in solid solution. 
[0058] As a fifth example, a series of wafers 10 including a number of capacitors 12, 24, 16, etc. was fabricated in 

50 which the layered superlattice material 30 was strontium bismuth tantalum titanate [SrBi4.2y(Tay,Ti2.2y)20i5-6y]' ^^^^ 
a solid solution of Ti and Ta, was fabricated. The precursor solution comprised strontium 2-ethylhexanoate, bismuth 
2-ethylhexanoate, tantalum 2-ethylhexanoate and titanium 2-ethylhexanoate in a xylenes solvent. The four metal 
2-ethylhexanoates were mixed in a proportion such that the strontium, bismuth, tantalum, and titanium were present 
in the mixed precursor in stoichiometric proportions, with y taking on a series of values from 0 to 1 . The molarity of the 

55 solution was approximately 0,07 moles per liter. No dilution with a second solvent was performed. A substrate 18 
comprising a single crystal silicon layer 22, a 5000 A thick layer 24 of silicon dioxide, a 200 A thick layer 26 of titanium, 
and a 2000 A thick layer 28 of platinum was prebaked at 800 °C in a diffusion furnace for 30 minutes with an oxygen 
flow of 6 liters/min. An eyedropper was used to place 1 ml of the SrBi4.2y(Tay,Ti2.2y)20i5-6y precursor solution on the 
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substrate 18. The wafer was spun at 1500 RPM for 40 seconds. The wafer 10 was then placed on a hot plate and 
baked in air at about 1 80 °C for 5 nninutes and then at 250°C for another 5 minutes. The wafer 1 0 was then RTP baked 
at 725 °C with a rannping rate of 1 25 °C/sec, a hold time of 30 seconds, a natural cool time of 6 minutes, and an ambient 
oxygen flow of 100-200 cc/minute. The steps from using an eyedropper to deposit solution on the wafer through RTP 
5 baking were repeated for three coats. The wafer was then transferred to a diffusion furnace and annealed at 800 °C 
in an oxygen flow of 6 l/min for SOminutes. The top layer 32 of 2000 A platinum was sputtered, a resist was applied, 
followed by a standard photo mask process, an ion mill etch, an IPC strip and a second anneal at 800°C in an oxygen 
flow of 6 l/min for 30 minutes. The final thickness of the layered superlattice films 30 ranged between 2000 A and 3500 
A, depending on the sample. 

10 [0059] Fig. 22 is a graph of the hysteresis curves for six different samples of strontium bismuth tantalum titanate 
(TiTa) having the following percentages of Ti: 100% (SrBi4Ti40i5); 80%; 50%; 33%; 20%; and 0% (SrBiaTaaOg). The 
voltages at which the hysteresis curves were run was 2, 4, and 6 volts as before. In this instance, while both the 
strontium bismuth titanate and the strontium bismuth tantalate are excellent ferroelectrics, solid solutions of the two 
near 50/50 ratios are not Moreover a broad range of ferroelectric properties, such as values of 2Pr and 2Ec are rep- 

^5 resented near the two extremes of the solid solutions. 

[0060] As a sixth example, another series of wafers 1 0 including a number of capacitors 1 2, 24, 1 6, etc. was fabricated 
in which the layered superlattice material 30 was strontium bismuth niobium titanate [SrBi4.2z(Nb2,Ti2.2z)20i5.6x]' ^^^^ 
is a solid solution of Ti and Nb, was fabricated. The precursor solution comprised strontium 2-ethylhexanoate, bismuth 
2-ethylhexanoate, niobium 2-ethylhexanoate and titanium 2-ethylhexanoate in a xylenes solvent The four metal 2-ethyl- 

20 hexanoates were mixed in a proportion such that the strontium, bismuth, niobium and titanium were present in the 
mixed precursor in stoichiomethc proportions, with z taking on a series of values from 0 to 1 . The molarity of the solution 
was approximately in the range 0.07 moles per liter to 0.09 moles per liter depending on the sample. Otherwise the 
fabrication process was the same as for Example 5 above. The final thickness of the film 30 was between 2200 A and 
2650 A depending on the sample. 

25 [0061] Fig. 23 is a graph of the hysteresis curves for six different samples of strontium bismuth niobium titanate 
(TiNb) having the following percentages of Ti: 100% (SrBi4Ti40i5); 80%; 50%; 33%; 20%; and 0% (GrBiaNbaOg). The 
voltages at which the hysteresis curves were run was 2, 4, and 6 volts as before. Again, while both the strontium 
bismuth titanate and the strontium bismuth niobate are excellent ferroelectrics, solid solutions of the two near 50/50 
ratios are not. Also a broad range of ferroelectric properties, such as values of 2Pr and 2Ec are represented near the 

30 two extremes of the solid solutions. 

[0062] As a seventh example, another series of wafers 10 including a number of capacitors 12, 24, 16, etc. was 
fabricated in which the layered superlattice material 30 was strontium bismuth niobium tantalum titanate [SrBi4.2x{(Tay, 
Nbi-Y)x'''"i2-2x}20i5- 6x1' ^^at is, a solid solution of Ti, Ta, and Nb, was fabricated. The precursor solution comprised 
strontium 2-ethylhexanoate, bismuth 2-ethylhexanoate, tantalum 2-ethylhexanoate, niobium 2-ethylhexanoate, and 

35 titanium 2-ethylhexanoate in a xylenes solvent The five metal 2-ethylhexanoates were mixed in a proportion such that 
the strontium, bismuth, niobium and titanium were present in the mixed precursor in stoichiometric proportions, with x 
and y taking on a series of values from 0 to 1 . Otherwise the fabrication process was the same as for Example 6 above. 
The final thickness of the film 30 was between 1 850 A and 2400 A depending on the sample. 
[0063] All three of the materials strontium bismuth tantalate (Ta), strontium bismuth niobate (Nb), and strontium 

40 bismuth titanate (Ti) may be mixed in solid solution in arbitrary ratio, making a single mixed ferroelectric phase, which 
can be represented by the following general formula: SrBi4.2x{(Tay,Nbi.y)x,Ti2.2x}20i5-6x' where x and y can take on 
any value between 0 and 1 . Fig. 24 is a graph of the hysteresis curves for six different samples of TiTaNb having the 
following percentages of Ti/Ta/Nb: 100%/0%/0% (SrBi4Ti40i5); 81%/10%/09%; 52%/25%/23%; 35%/34%/31%; 14%/ 
45%/41%; and 0%/50%/50% (SrBigTaNbOg). The voltages at which the hysteresis curves were run was 2, 4, and 6 

45 volts as before. Again, while strontium bismuth titanate and strontium bismuth tantalum niobate are excellent ferroe- 
lectrics, solid solutions of the two near 50/50 ratios are not. Again, a broad range of ferroelectric properties, such as 
values of 2Pr and 2Ec are represented near the two extremes of the solid solutions. 

[0064] Fig. 25 Is a three dimensional diagram (represented In two-dimensions) showing 2Pr of most of the different 
layered superlattice materials and solid solutions fabricated and discussed in the above examples. Many patterns 

50 emerge from this diagram, including the one discussed in relation to Fig. 18, i.e. the rise of 2Prfrom 100%Tato 100% 
Nb, the generally lower value of 2Pr toward the center of the diagram, and others that were not evident from the isolated 
data, such as the rise in 2Pr along the 50% Ti line as it goes from 50% Ta to 50% Nb. Such patterns permit one to use 
records such as Fig. 25 to design ferroelectric devices having specific, predictable properties. 
[0065] Fig. 26 is a graph showing the relation between 2Pr and the percentage of Ti in compositions of layered 

55 superlattice materials comprising solid solutions of Ti, Ta, and Nb having specific percentages of Ta and Nb. Such 
curves depict slices through the three dimensional diagram of Fig. 25 parallel totheTi axis. Such "slices" make it easier 
to recognize patterns that provide design direction and advantages. 

[0066] Fig. 27 Is a table in which some of the data discussed above, including the sample thickness, is arranged in 
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groups from which patterns emerge. This table illustrates another way of arranging data in records to assist in the 
design of electronic devices. 

[0067] Fig. 28 is a graph showing fatigue curves for various TiTaNb layered superlattice compositions discussed 
above. The data shows that compositions with high Ti content (0.0 < x < 0.2), shows a large 2Pr but poor resistance 
5 to fatigue beyond 1 0^ cycles. On the other hand, compositions with about equal Ti and Nb content, show a comparably 
excellent resistant to fatigue to the TaNb compounds. This curve thus illustrates still another method of recording data 
that can cause patterns useful in design of electronic devices to surface. 

[0068] There exist numerous other layered superlattice materials, and numerous other elements besides tantalum, 
niobium, and titanium can also be included in the layered superlattice solid solutions discussed above, as well as 
10 numerous other solid solutions. These possibilities are too numerous to discuss fully here. However, to illustrate this, 
a solid solution including zirconium will be discussed in the next example. 

[0069] As an eighth example, another series of wafers 10 including a number of capacitors 12, 24, 16, etc. was 
fabricated in which the layered superlattice material 30 was strontium bismuth titanium zirconate [SrBi4(Ti2,Zr-|.2)40i5], 
that is, a solid solution of Zr and Ti, was fabricated. The precursor solution comprised strontium 2-ethylhexanoate, 

15 bisnnuth 2-ethylhexanoate, titanium 2-ethylhexanoate and zirconium 2-ethylhexanoate in a xylenes solvent. The four 
metal 2-ethylhexanoates were mixed in a proportion such that the strontium, bismuth, niobium and titanium were 
present in the mixed precursor in stoichiometric proportions, with z taking on a series of values from 0 to 1 . The molarity 
of the solution was diluted to approximately 0.07 moles per liter by the addition of n-butyl acetate as a second solvent. 
The RTP bake step 89 (Fig. 1 ) was performed with a holding temperature of 750 °C. Otherwise the fabrication process 

20 was the same as for Example 7 above. The final thickness of the film 30 was between 3000 A and 3500 A depending 
on the sample. 

[0070] Zirconium is in the same transition metal column of the periodic table of the elements as titanium and can be 
easily substituted for titanium in a layered superiattice crystal structure in an arbitrary amount. Fig. 30 is a graph of the 
hysteresis curves for six different samples of ZrTi having the following percentages of Zr: 0% (SrBi4Ti40^5); 20%; 40%; 

25 50%; and 60%. The voltages at which the hysteresis curves were run was 2, 4, and 6 volts as before. In this case, the 
ferroelectric properties disappear if more than 50% zirconium is added. This does not mean that the material with more 
than 50% Zr is not a layered superiattice material; it may merely mean that the ferroelectric transition temperature 
changes so that the material is no longer ferroelectric at room temperature, and/or that the material becomes a layered 
superiattice dielectric material. Fig. 31 is a graph of 2Pr and 2Ec as a function of Zr percentage, while Fig. 32 shows 

30 the fatigue curves for the material with 10% Zr and the material with 20% Zr. The figures show that while 2Pr and 2Ec 
decrease close to linearly with the addition of Zr, the resistance to fatigue improves with the addition of Zr, at least up 
to 20%. Thus Zr also offers opportunities for device design. 

[0071] The ZrTi compound can be combined with any of the layered superiattice materials and solid solutions thereof 
that were discussed above in arbitrary ratios. The electronic properties of such solid solutions form a continuum with 
35 the electronic properties discussed above. Thus each metal that forms layered superlattice materials literally adds a 
new dimension to a diagram such as shown in Fig. 25. Other metals that form layered superiattice materials and thus 
add such new dimensions include, of course, strontium and bismuth which have been in all the compounds discussed 
herein, and also calcium, barium, cadmium, lead, hafnium, tungsten, scandium, yttrium, lanthanum, antimony, chro- 
mium, and thallium. 

40 [0072] As discussed above, certain elements, such as bismuth, lead, thallium and antimony tend to form high vapor 
pressure compounds that vaporize easily during the annealing and other heating processes that occur during the 
layered superiattice material fabrication process. A novel fabrication process has been devised for layered superiattice 
materials that include such elements that vaporize easily. Referring to Figs. 3 and 33, according to the process, a wafer 
10 is fabricated as in the processes discussed above, except that the layer 30 is fabricated in at least two thin film 

45 portions, first thin film 30A and second thin film SOB, for which different precursors are used. The precursor of the 
second thin film 30B distal from the substrate 1 8 preferably has a greater concentration of the easily vaporized element 
than the thin film 30A proximal to the substrate 1 8. Thus, this process is characterized by the creation of a gradient in 
the proportion of the easily vaporized element In the uncured film In the direction of film thickness; preferably, the 
amount of the element is greater in the portion 308 of film 30 which is exposed in the anneal of the layered superlattice 

50 material 30. The process is illustrated by the following example. 

[0073] As a ninth example, a wafer 1 0 including a number of capacitors 1 2, 24, 16, etc. was fabricated in which the 
layered superiattice material 30 was strontium bismuth tantalate. Two precursor solutions were prepared, both solution 
comprising tantalum 2-ethylhexanoate, strontium 2-ethylhexanoate and bismuth n-octanoate in a xylenes solvent. The 
first solution was a stoichiometric solution including strontium, bismuth and tantalum in molecular ratios of 1 .0:2.0:2.0 

55 respectively; in the second solution strontium, bismuth and tantalum were in molecular ratios of 1 .0:2.4:2.0 respectively, 
which is a 20% bismuth enriched solution. The stoichiometric solution was diluted to a concentration of approximately 
0.06 moles per liter by addition of xylenes. A substrate 18 comprising a single crystal silicon layer 22 oriented in the 
[100] direction, a 5000 A thick layer 24 of silicon dioxide prepared by thermal oxidation, a 200 A thick layer 26 of 
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titanium, and a 2000 A thick layer 28 of platinunn was prebaked at 800 °C in a diffusion furnace for 30 minutes with an 
oxygen flow of 6 liters/min. A ml of the first precursor solution was placed on the substrate 1 8. The wafer was spun at 
2000 RPM for 40 seconds. The wafer 1 0 was then placed on a hot plate and baked in air at about 1 70 °C for 5 minutes 
and then at 250°C for another 5 minutes. The wafer 1 0 was then RTP baked at 725 °C with a ramping rate of 125 °C/ 

5 sec, a hold time of 30 seconds, and an ambient oxygen flow of 1 00-200 cc/minute. The steps from depositing solution 
on the wafer through RTP baking were repeated again for a total of two coats, thereby forming first thin film 30A. Then 
the second precursor solution with excess bismuth content was applied onto the stoichiometric film on the wafer. All 
process parameters were the same for the formation of the second thin film as for the first thin film, except, of course, 
for the solution composition. This resulted in the formation of second thin film SOB. The wafer was then transferred to 

10 a diffusion furnace and annealed at 800 °C in an oxygen flow of 6 l/min for 30minutes. The top layer 32 of 2000 A 
platinum was sputtered, a resist was applied, followed by a standard photo mask process, an ion mill etch, an IPC strip 
and a second anneal at 800°C in an oxygen flow of 6 l/min for 30 minutes. The final thickness of the layered superlattice 
films 30 was about 2000 A. 

[0074] Another three samples of strontium bismuth tantalate thin film, which we shall call reference samples, were 
15 prepared for comparison purposes. In the first reference sample, the process was exactly the same as for Example 9 
except that only the first stoichiometric precursor was used in fabricating both the first thin film 30A and the second 
thin film SOB. That is, the precursor was stoichiometric for all four coats. In the second reference sample, the process 
again was the same except this time a precursor with 7% excess bismuth was used for both the first thin film 30A and 
the second thin film 30B, that is, for all four coats. In the third reference sample, the film was prepared as for the second 
20 reference example, with a 7% excess bismuth precursor solution, except that no RTP bake step was used. That is, 
none of the coats were RTP baked. In all three reference examples the final thin film 30 was about 2000 A. 
[0075] The microstructures of the thin films fabricated in Example 9 and the three reference samples were observed 
utilizing an SEM (Scanning Electron Microscope). The surface roughness of each was measured over a 500 m length. 
Hysteresis curves for a 100 m X 100 m capacitor of each sample were measure with a 5 Khz applied voltage of ±6 
25 volts. A portion of each film was dissolved in diluted fluoric acid and the bismuth content was obtained by ICP analysis. 
Table I shows the results 



TABLE I 





Average Grain Size (A) 


Surface Roughness (A) 


Bismuth Content (%) 


2Pr (C/cm2) 


Example 9 (Bi 
Gradient) 


1200 


±150 


99 


21.1 


Ref.#1 (Stoich.) 


1150 


±120 


85 


17,6 


Ref.#2 (7% Ex. Bi) 


1200 


±150 


103 


19.8 


Ref,#3 (7%Ex, Bi)No 
RTP 


2500 


±350 


101 


9,7 



[0076] The results show that the sample made using the process having a bismuth gradient had an average grain 
size of smaller than the sample th ickness, and a surface roughness less than 1 0% of the samplethickness. The bismuth 
content in the final film was just about stoichiometric, and the value of 2Pr was excellent. In comparison, the reference 
sample #1 , which was fabricated with a stoichiometric precursor had a slightly smaller grain size and surface roughness, 
but the bismuth content was 15% below stoichiometry and the value of 2Pr declined by about 18%. In the case of 
reference sample #2, which had 7% excess bismuth in the precursor and no gradient, the grain size and the surface 
roughness was the same as for example 9. The bismuth content was slightly in excess of stoichiometry and the value 
of 2Pr declined only 6%. For reference sample #3, made exactly as reference sample #2 except without RTP, the grain 
size was larger than the sample thickness, the surface roughness was more than twice that of the sample of example 
9, and while the bismuth content was close to stoichiometry, the value of 2Pr declined by 54%. 
[0077] Fig, 35 shows graphs of bismuth content versus anneal time for the sample of example 9 and the reference 
#1 and #2 samples. The bismuth content was determined by ICP analysis. Fig. 36 shows graphs of 2Pr versus anneal 
time for the same three samples. The value of 2Pr was determined from hysteresis measurements made with a +6 
volt, 5 kHz sinusoidal wave. Fig. 35 shows that the bismuth content for the film made with the 20% Bi gradient stays 
slightly lower than the bismuth content for the process using all four coats with 7% excess bismuth. The result for the 
Bi gradient film is preferable, since the sample reaches 100% Bismuth content sooner. This is more easily seen in Fig. 
36. The Bi gradient sample reaches its peak polarizability with about 40 minutes less annealing time than the sample 
with the uniform 7% excess bismuth. This results in a significant savings in manufacturing time for the device. The 
sample with a stoichiometric precursor rapidly drops will below both the other samples in bismuth content and also 
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lags in reaching its peak polarizability. 

[0078] The thicker the second thin filnn 30B the longer the diffusion tinne for the excess metal/metal oxide and the 
longer the annealing time required to reach peak polarizability. Therefore the thickness of the second layer SOB should 
preferably be 50 percent or less of the total thickness of thin film 30. 
5 [0079] It has been found that a grain size of from 200 to 2000 A provides good quality thin layered superlattice thin 
films. To achieve such a grain size, an RTP step is usually necessary, particularly when the process having a gradient 
of the easily vaporizable elements is used. When the layered superlattice material is strontium bismuth tantalate, the 
second thin film SOB should contain between 2 mol% and 70mol% excess bismuth above stoichiometry, and preferably 
from 5 mol% to 50 mol%. 

10 [0080] As indicated above, lead, thallium and antimony are also elements that form compounds that vaporize easily. 
Lead bismuth titanate and lead bismuth tantalate are layered superlattice materials that have been shown to have 
excellent electronic properties by the present inventors. The preferable amount of excess lead in the second thin film 
SOB is from S mol% to 20 mol% above stoichiometry. The tolerance for excess bismuth is greater in the layered su- 
perlattice materials than the tolerance for lead because the lead/lead oxide is included only in the ferroelectric layers 

^5 of the layered superlattice materials, while in the bismuth/bismuth oxide is included in both the ferroelectric layers and 
the non-ferroelctric layers; that is, the bismuth is distributed throughout the material while the lead is distributed only 
in alternate layers. 

[0081] The above discussion not only illustrates the advantages of the process utilizing a gradient in the vaporizable 
element, but also further illustrates that advantages of utilizing RTP in the drying or curing step. As indicated in Table 

20 I, RTF makes a huge difference in maintaining small grain size and a narrow distribution of grain sizes, improving the 
crystallinity, preventing cracks and other defects, reducing the incidence of shorts, and the obtaining of excellent elec- 
trical parameters such as high 2Pr. As discussed in section 2 above, this is due to thefact that RTP promotes nucleation. 
In the prior art processes, the number of nucleation sites is relatively low. Thus the growth of grains In the annealing 
step tends to take place at a fewer number of sites, with the result that there are many large grains, and a large grain 

25 size distribution. This results in erratic growth, cracks, and defects, propensity to short circuit, and lower electrical 
values. The control of grain size also leads to better overall control of the thin film composition, which enhances the 
ability to design materials. 

[0082] In the above discussion, particularly in the discussion of the three dimensional diagram of TiTaNb in Fig. 5, 
and the discussion of looking at slices through the diagram to discover patterns, it becomes clear the a powerful tool 

30 for designing electronic devices utilizing layered superlattice materials has been disclosed. This tool lends itself to 
being utilized on a computer 100, such as shown in Fig. 29. That is, by recording the data discussed herein in a data 
base in a computer memory 1 02 in terms of "base" layered superlattice materials designated by a dimension in a space, 
such as Ti, Ta, and Nb in three dimensions, or Ti, Ta, Nb, and Zr in four dimensions, and utilizing computer assisted 
design (CAD) technology that is available, one can use the computer 100 to select materials that satisfy particular 

35 design specifications. 

[0083] As shown in Figs. 25, 26, and 27, a feature of the invention is that layered superlattice materials with high 
2Pr, i.e. between 15 coulombs/cm^ and substantially 25 C/cm^, have been made. The processes of Examples 4-7, 
particularly with excess bismuth in the precursor, are useful for obtaining high polarizabilities. 

[0084] There has been described optimized processes and compositions for making electronic devices utilizing lay- 
40 ered superlattice materials, the dependence of the electronic properties on the processes and compositions has been 
demonstrated, and methods for utilizing the data on electronic properties as a function of layered superlattice processes 
and compositions to make electronic devices has been described. It should be understood that the particular embod- 
iments shown in the drawings and described within this specification are for purposes of example and should not be 
construed to limit the invention which will be described in the claims below. Further, it is evident that those skilled in 
45 the art may now make numerous uses and modifications of the specific embodiment described, without departing from 
the inventive concepts. For example, now that prebaking of the substrate, RTP bake, and bismuth content have been 
identified as critical for layered superlattice material optimization, these processes can be combined with conventional 
processes to provide variations on the processes described. It Is also evident that the steps recited may In some 
instances be performed in a different order. Or equivalent structures and process may be substituted for the various 
50 structures and processes described. Or a variety of different dimensions and materials may be used. Further, now that 
the impact of the regularity of the properties of layered superlattice materials and the variety of the materials on elec- 
tronic design and manufacturing has been pointed out, many design and manufacturing processes utilizing the concepts 
disclosed may be devised. 

55 

Claims 

1 . A method of fabricating a layered superlattice material (30) comprising the steps of providing a substrate (1 8) and 
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a precursor containing a metal, and applying said precursor to said substrate (18), said method characterized by 
rapid thermal processing said precursor on said substrate (18) at a temperature of between 500°C and 850°C to 
form a layered superlattice material (30) containing said metal on said substrate (18). 

5 2. A method as in claim 1 and further characterized by the step of prebaking said substrate (1 8) to a temperature 
above the temperature of said rapid thermal process step prior to said step of applying said precursor to said 
substrate (18). 

3. A method as in claim 1 or claim 2 wherein said substrate (1 8) comprises a first electrode (28), and further char- 
10 acterized by the steps of furnace annealing said material (30) subsequent to said step of rapid thermal processing; 

after said step of furnace annealing, forming a second electrode (32) on said layered superlattice material (30) to 
form a capacitor (16); and subsequently performing a second furnace anneal. 
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4. A method as in any preceding claim wherein said precursor further comprises n-butyl acetate. 

5. A method as in any preceding claim wherein said layered superlattice material (30) contains bismuth and other 
metals, and said precursor includes an amount of bismuth as compared to the amount of said other metals in 
excess of the proportion of bismuth in the stoichiometric formula for said layered superlattice material. 

20 6. A method as in claim 5 wherein said amount of bismuth is between 1 05% and 1 40% of the normal stoichiometric 
amount of bismuth. 

7. A method as in claim 5 or claim 6 wherein said layered superlattice material (30) is a material having the formula 
SrBi4.2x+«{(Tay,Nb-|.y)^, (Ti^, Zr^.^)2.2x}20i5-6x' where 0<x< 1 .0, 0<y< 1 .0, 0<z< 1 .0, and 0<a< 1 .6(2-x). 

25 

8. A method as in any of claims 1 to 5 wherein a first thin film (30A) of said layered superlattice material is formed 
on said substrate (1 8) and a second thin film (SOB) of said layered superlattice material Is formed on said first thin 
film, the formation of said first thin film including the step of applying a first precursor solution for said layered 
superlattice material to said substrate (18) said first precursor solution having a first relative amount of a first 

30 element of said layered superlattice material as compared to a second element of said layered superlattice material, 

said first element comprising an element that forms high vapour pressure compounds, and the formation of said 
second thin film (SOB) including the step of applying a second precursor solution for said layered superlattice 
material, said second precursor solution having a second relative amount of said first element of said layered 
superlattice material as compared to said second element, said second relative amount being different from said 

35 first relative amount. 

9. A method as in claim 8 wherein said first precursor solution comprises a stoichiometric solution and said second 
precursor solution comprises a solution having an excess amount of said first element and wherein said first ele- 
ment comprises an element selected from the group comprising bismuth, lead, thallium and antimony. 

40 

10. A method as in any one of the preceding claims, wherein said layered superlattice material (30) comprises a solid 
solution of two or more materials from the group comprising strontium bismuth tantalate, strontium bismuth niobate, 
and strontium bismuth titanate. 

45 11. A method as in any one of the preceding claims wherein the rapid thermal processing step is followed by a furnace 
annealing step in an oxygen atmosphere at a temperature above the crystallization temperature of the layered 
superlattice material. 

12. A method as in any one of claims 1 to 10 wherein the rapid themnal processing step is followed by a furnace 
50 annealing step at a temperature of between 700°C and 850° C. 

13. An electronic device (16), (70) containing a thin film of a layered superlattice material (30) formed by a method 
according to any one of the preceding claims, said layered superlattice material (30) having an average grain size 
of from 200A to 2000A and a polarizability 2Pr greater than 15 microcoulombs per square centimeter. 
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Patentanspruche 

1 . Verfahren zum Herstellen eines Schichten-Ubergitter-Materials (30), umfassend die Schritte; daB man ein Substrat 
(18) und eine ein Metall enthaltende Vorstufe bereitstellt und die Vorstufe auf das Substrat (18) aufbringt, wobei 

5 das Verfaliren dadurch gekennzeichnet ist, dafj man die Vorstufe auf dem Substrat (18) bei einer Temperatur 

im Bereicli zwischen 500 ° C und 850 ° C sclinell tliermiscli beliandelt und so ein Scliicliten-Ubergitter-IVIaterial 
(30) bildet, das das UeXaW auf dem Substrat (18) enthalt. 

2. Verfahren nach Anspruch 1 , das weiter gekennzeichnet ist durch den Schritt, daB man das Substrat (18) vor 
10 dem Sclnritt des Aufbringens der Vorstufe auf das Substrat (1 8) auf eine Temperatur oberhalb derTemperatur des 

Scliritts des sclinellen tliermischen Behandelns vorbrennt. 

3. Verfaliren nacli Ansprucli 1 Oder Anspruch 2, worin das Substrat (18) eine erste Elelctrode (28) umfaBt und worin 
das Verfahren weiter gekennzeichnet ist durch die Scliritte, daB man das Material (30) im AnschluB an den 

15 Schritt des schnellen thermischen Behandelns in einem Ofen gluht, nach dem Schritt des Gluhens in einem Ofen 

einezweite Elel<trode (32) auf dem Schichten-Ubergitter-IVIaterial (30) unter Bildung eines Kondensators (1 6) bildet 
und im AnschluB daran ein zweites Gliihen in einem Ofen durchfuhrt. 

4. Verfahren nach irgendeinem der vorangehenden Anspruche, worin die Vorstufe weiter n-Butylacetat umfaBt. 

20 

5. Verfahren nach irgendeinem der vorangehenden Anspruche, worin das Schichten-Ubergitter-IVlaterial (30) Bismuth 
und andere Metalle enthalt und die Vorstufe eine Menge Bismuth, verglichen mit der Menge der anderen IVIetalle, 
im UberschuB des Bismuth-Anteils in der stochiometrischen Fonnel fur das Schichten-Ubergitter-IVIaterial ein- 
schlieBt. 

25 

6. Verfahren nach Anspruch 5, worin die Bismuth-l\/lenge zwischen 1 05% und 1 40% der normalen stochiometrischen 
Bismuth-IVIenge liegt. 

7. Verfahren nach Anspruch 5 oder Anspruch 6, worin das Schichten-Ubergitter-Material (30) ein Material ist, das 
30 die folgende Formel aufweist: SrBi4_2x+a{(Tay, Nbi.y)^, {T\2, Zr^JaW^ls-Sx' worin gilt: 0 < x < 1 ,0; 0 < y < 1 ,0; 0 < 

z< 1,0; und 0<a< 1,6(2-x). 

8. Verfahren nach einem der Anspruche 1 bis 5, worin ein erster dunner Film (30A) des Schichten-Ubergitter-Materials 
auf dem Substrat (1 8) gebildet wird und ein zweiter dunner Film (30B) aus dem Schichten-Ubergitter-Material auf 

35 dem ersten diinnen Film gebildet wird, wobei die Bildung des ersten dunnen Films den Schritt einschlieBt, daB 

man eine erste Vorstufen-Lbsung fur das Schichten-Ubergitter-Material auf das Substrat (18) aufbringt, wobei die 
erste Vorstufen-Losung eine erste relative Menge eines ersten Elements des Schichten-Ubergitter-Materials ver- 
glichen mit einem zweiten Element des Schichten-Ubergitter-Materials, aufweist, wobei das erste Element ein 
Element umfaBt, das Verbindungen mit hohem Dampfdruck bildet, und wobei die Bildung des zweiten dunnen 

40 Films (SOB) den Schritt einschlieBt, daB man eine zweite Vorstufen-Losung fur das Schichten-Ubergitter-Material 

aufbringt, wobei die zweite Vorstufen-Losung eine zweite relative Menge des ersten Elements des Schichten- 
Ubergitter-Materials, verglichen mit dem zweiten Element, aufweist, wobei die zweite relative Menge verschieden 
ist von der ersten relativen Menge. 

45 9. Verfahren nach Anspruch 8, worin die erste Vorstufen-Losung einestochiometrische Losung umfaBt und die zweite 
Vorstufen-Losung eine Losung umfaBt, die eine UberschuB-Menge des ersten Elements aufweist, und worin das 
erste Element ein Element umfaBt, das gewahit ist aus derGruppe, die Bismuth, Blei, Thallium und Antimon umfaBt. 

10. Verfahren nach irgendeinem der vorangehenden Anspruche, worin das Schichten-Ubergitter-Material (30) eine 
50 teste Losung aus zwei oder mehr Materialien aus der Gruppe umfaBt, die Strontium-Bismuth-Tantalat, Strontium- 

Bismuth-Niobat und Strontium-Bismuth-Titanat umfaBt. 

11. Verfahren nach irgendeinem der vorangehenden Anspruche, worin dem Schritt der schnellen thermischen Be- 
handlung ein Gluh-Schritt in einem Ofen in einer Sauerstoff-Atmosphare bei einer Temperatur oberhalb der Kri- 

55 stallisationstemperatur des Schichten-Ubergitter-Materials folgt. 

12. Verfahren nach irgendeinem der Anspruche 1 bis 10, worin dem Schritt des schnellen thermischen Behandelns 
ein Schritt des Gluhens in einem Ofen bei einer Temperatur im Bereich zwischen 700 °C und 850 °C folgt. 
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13. Elektronische Vorrichtung (16), (70), die einen diinnen Film aus einem Schichten-Ubergitter-Material (30) enthalt, 
der im Rahmen eines Verfahrens nach irgendeinem der vorangehenden Patentanspruche gebildet wurde, wobei 
das Schichten-Ubergitter-Material (30) eine mlttlere KorngroBe im Bereich von 200 A bis 2000 A und eine Polari- 
sierbarkeit 2Pr groBer als 15 ^C/cm2 (Mikrocoulomb pro Quadratzentimeter) aufweist. 

5 

Revendications 

1 . Precede de fabrication d'un materiau (30) a superstructure en couches, comprenant les etapes suivantes : la mise 
10 a disposition d'un substrat (18) et d'un precurseurcontenant un metal, et rapplication du precurseursur lesubstrat 

(18), le precede etant caracterise par un traitement thermique rapide du precurseur sur le substrat (18) a une 
temperature comprise entre 500 et 850 °C pour la fomnation d'un materiau (30) a superstructure en couches 
contenant un metal sur le substrat (18). 

15 2. Procede selon la revendication 1 , caracterise en outre par une etape de cuisson prealable du substrat (18) a 
une temperature superieurs a la temperature de I'etape de traitement thermique rapide avant I'etape d'application 
du precurseur sur le substrat (18). 

3. Procede selon la revendication 1 ou 2, dans lequel le substrat (18) comporte une premiere electrode (28), et 
20 caracterise en outre par des etapes de recuit au four du materiau (30) apres I'etape de traitement thermique 

rapide, puis, apres I'etape de recuit au four, de formation d'une seconde electrode (32) sur le materiau (30) a 
superstmcture en couches pour la formation d'un condensateur (16), puis d'execution d'un second recuit au four. 

4. Procede selon I'une quelconque des revendications precedentes, dans lequel le precurseur contient en outre de 
25 i'acetate de n-butyle. 

5. Procede selon I'une quelconque des revendications precedentes, dans lequel le materiau(30) a superstructure en 
couches contient du bismuth et d'autres metaux, et le precurseur comprend une quantite de bismuth, parcompa- 
raison a la quantite des autres metaux, qui depasse la proportion de bismuth dans la formula stoechiometrique 

30 correspondant au materiau a superstructure en couches. 

6. Procede selon la revendication 5, dans lequel la quantite de bismuth est comprise entre 105 % et 140 % de la 
quantite stoechiometrique normale de bismuth. 

35 7. Procede selon la revendication 5 ou 6, dans lequel le materiau (30) a superstructure en couches est un materiau 
de formule SrBi4.2x+a{(Tay, Nbi.y)^, (Ti^, Zr^. 2)2-2x120 i5-6x. telle que 0 < x < 1 ,0, 0 < y < 1 ,0, 0 < z < 1 ,0 et 0 < a < 
1,6(2-x). 

8. Procede selon I'une quelconque des revendications 1 a 5, dans lequel une premiere couche mince (30A) du ma- 
40 teriau a superstructure en couches estfermee sur lesubstrat (18) et une seconde couche mince (308) du materiau 

a superstructure en couches est formee sur la premiere couche mince, la formation de la premiere couche mince 
comprenant une etape d'application d'une premiere solution de precurseur du materiau a superstructure en cou- 
ches sur le substrat (18), la premiere solution de precurseur ayant une premiere quantite relative d'un premier 
element du materiau a superstructure en couches par comparaison avec un second element du materiau a su- 
45 perstructure en couches, le premier element comprenant un element qui forme des composes a pression devapeur 

elevee, et laformation de la seconde couche mince (308) comprend une etape d'application d'une seconde solution 
de precurseur du materiau a superstructure en couches, la seconde solution de precurseur ayant une seconde 
quantity relative du premier 6l6ment du materiau k superstructure en couches par comparaison avec le second 
element, la seconde quantite relative etant differents de la premiere quantite relative. 

50 

9. Procede selon la revendication 8, dans lequel la premiere solution de precurseur est une solution stoechiometrique 
et la seconde solution de precurseur est une solution ayant un exces du premier element, et dans lequel le premier 
element est un element choisi dans le groupe qui comprend le bismuth, le plomb, le thallium et I'antlmoine. 

55 10. Precede selon I'une quelconque des revendications precedentes, dans lequel le materiau (30) a superstructure 
en couches comprend une solution solide d'au moins deux materiaux choisis dans le groupe qui comprend le 
tantalate de strontium et de bismuth, le niobiate de strontium et de bismuth et letitanate de strontium et de bismuth. 
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11. Precede selon Tune quelconque des revendications precedentes, dans lequel I'etape de traitement thermique 
rapide est suivie d'une etape de recuit au four en atnnosphere d'oxygene a une temperature superieure a la tem- 
perature de cristallisation du materiau a superstructure en couches. 

12. Procede selon Tune quelconque des revendications 1 a 1 0, dans lequel I'etape de traitement thermique rapide est 
suivie d'une etape de recuit au four a une temperature comprise entre 700 et 850 °C. 

13. Dispositif electronique (1 6, 70) contenant une couche mince d'un materiau (30) a superstructure en couches forme 
par un procede selon I'uns quelconque des revendications precedentes, le materiau (30) a superstructure en 
couches ayant une dinnension granulaire moyenne comprise entre 20 et 200 nm (200 et 2 000 A) et une polarisa- 
bilite 2Pr superieure a 15 ^.C/cm^. 
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